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This thesis contains 86 publications on the general subject of 
the regulation of metabolism and performance in poultry by nutrients, 
mainly lipids and vitamins, and related biochemical and genetic 
interactions. There are 6 sections: 1) fat nutrition, 2) body fatness, 3) 
fatty liver and kidney syndrome, 4) vitamin nutrition and 
biochemistry, 5) bone biology, 6) sodium nutrition. 
Section 1 describes the effects of saturated fatty acids in 
impairing mineral absorption in young chickens, fat utilisation and 
requirements in turkeys and the role of unsaturated fatty acids in 
enhancing egg weight in laying hens. It is concluded in these last 
studies that egg weight is increased by a novel mechanism involving 
stimulation of oviduct protein synthesis. 
The problem of excessive fatness in broiler chickens is 
addressed in Section 2. The studies show how body fatness during 
growth is related to plasma very low density liprotein (VLDL) 
concentration and the use of this criterion in a 10-year divergent 
selection programme to breed lines of lean and fat broilers. Nutritional 
responses in the lines are compared and the bases of improved 
leanness and more efficient nutrient utilisation are related to 
differences in amino acid and lipid metabolism. The differences in 
immature body composition are shown to persist to to maturity and 
the poorer reproductive performance of the fat line is shown to be 
associated with extremely high plasma oestrogen levels. It is 
concluded that genetically leaner broilers are metabolically and 
reproductively more efficient. The studies identify the practical 
procedures which have allowed the VLDL method to be applied in 
industry for the selection of more efficient broilers and turkeys. 
Fatty liver and kidney syndrome (FLKS) used to cause 
widespread mortality in broilers in UK and elsewhere. Nutritional and 
metabolic studies contained in Section 3 describe a lengthy piece of 
detective work on the problem. Important steps were the finding that 
FLKS could be reproduced nutritionally, the realisation that a failure 
in carbohydrate, rather than lipid, metabolism was important and the 
discovery that the dietary content of vitamins, particularly biotin, was 
the solution. Identification of the complete aetiology of FLKS showed 
how diet rendered the birds susceptible and how environmental 
factors triggered the condition. 
A continuation of studies on vitamin nutrition and biochemistry 
(Section 4) have established biochemical criteria of biotin and folic 
acid status in growing poultry. In breeding birds, pathways of 
incorporation of biotin and riboflavin into eggs were identified and a 
new biotin-binding protein was discovered. 
Section 5 describes work on two skeletal abnormalities. 
Dyschondroplasia in broilers is shown to be preventable by the 
addition of 1,25-dihydroxyvitamin D to the diet and morphological 
studies show that the bone loss in older laying hens is caused by 
osteoporosis. 
Adventitious observations on two effects of dietary sodium are 
detailed in Section 6. These are the causation of testicular cysts in 
young chicks by moderately high dietary levels and the use of low 
dietary levels to control egg production in hens. 
INTRODUCTION 
This thesis contains a collection of 86 publications 
describing my researches in poultry science, initially at the 
Poultry Research Centre, then at the Institute of Grassland 
and Animal Production and currently at the Institute of 
Animal Physiology and Genetics Research - soon to be the 
Roslin Institute (Edinburgh) - as AFRC Institutes have 
evolved in the Edinburgh area. 
For ease of review, the papers have been grouped into 
the six sections which best categorise the research I have 
carried out. The subject areas may at first sight seem rather 
disparate, but there have been threads of logic which my 
research interests and directions have followed as they have 
changed and evolved over the years. My initial remit upon 
joining the Institute was to study the nutritional properties 
and metabolism of fatty acids in poultry. Section 1 
describes studies on productive characteristics of dietary 
fats and some metabolic effects involved. Section 2 
describes a lengthy investigation into genetic, nutritional 
and developmental factors influencing body fatness and 
related characteristics in broilers. Studies on a metabolic 
disorder in broilers initially thought to involve an 
abnormality of lipid metabolism are described in Section 3. 
The finding that vitamins, particularly biotin, were the key 
to this disorder led to a wider interest in vitamin nutrition 
and biochemistry, detailed in Section 4. Experience gained 
in metabolic disorders was subsequently employed in 
research on skeletal abnormalities, described in Section' 5. 
Along this convoluted way, some serendipitous discoveries 
were made on sodium nutrition and these are presented in 
Section 6. 
Within the sections, papers are presented in as 
scientifically logical an order as possible, rather than 
chronologically. 
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This section describes work on the nutritional properties and 
metabolic effects of dietary fats and fatty acids. The first three papers 
describe the effects of fats in impairing mineral absorption in chicks. 
Paper 1 shows how the retentions of calcium, iron, magnesium and 
zinc are all depressed by the presence of more than 5% fat in the diet. 
This effect was attributed to the formation of poorly-soluble soaps. 
Retentions decreased with increasing fat content of the diet and with 
poorer absorbability of the fat. The presence of fat in the diet as free 
fatty acids further decreased absorbability. Paper 2 confirmed these 
effects on calcium using tallow as the fat source and showed that the 
depressed retention could not be improved by providing extra vitamin 
D. The results contained in Paper 3 confirmed the practical 
significance of these observations by demonstrating that the presence 
of a poorly absorbed fatty acid (palmitic acid) in the diet increased the 
dietary requirement for calcium in growing chicks. 
The metabolisable energy (ME) values assigned to fats are 
important in diet formulation. There are many data on ME values for 
fats in chickens at different ages and the same values have been 
assumed to be appropriate also for turkeys. Paper 4 provided a direct 
experimental confirmation that absorbabiities of different fats 
increased with age in turkeys as in chicks and provided ME values for 
three dietary fats at 2, 4 and 8 weeks of age. 
Vegetable oils rich in linoleic acid have long been known to 
promote increases in egg weight in laying hens. This effect had been 
generally assumed to be due to linoleic acid itself, at levels above the 
normal physiological requirement, and hence the linoleic acid content 
of the diet was thought to be an especially important factor in diet 
formulation for laying hens. Paper 5 contains the results of assays of 
the linoleic acid contents of a wide range of poultry feed ingredients. 
The next two papers describe the results of studies aimed at 
getting better evidence for the role of linoleic acid in influencing egg 
weight Paper 6 provided rather unexpected evidence, namely that 
when diets contained the same amounts of total fat and proportions of 
13 
unsaturated fatty acids, there was no apparent response to increasing 
proportions of linoleic acid. It was therefore concluded that, contrary 
to the widely held view, linoleic acid in excess of the essential fatty 
acid requirement for normal body function was not specifically 
required for maximum egg weight. Details of a follow-up experiment, 
are given in Paper 7 and confirm this conclusion by demonstrating 
that increases in egg weight of about the same magnitude could be 
obtained by supplementing a low-fat diet with either maize or olive 
oils, two oils that contain high proportions of linoleic or oleic acid 
respectively. These results showed that readily absorbable fatty acids 
were effective in stimulating egg weight 
Paper 8 describes a study of fatty acid responses in turkey 
hens. Egg weight was found not to be so responsive to dietary fat in 
this species. 
Paper 9 describes a study to investigate the mechanism by 
which dietary fats might influence egg weight in the chicken. It had 
been expected that the mechanism would involve a stimulation of 
plasma lipoprotein metabolism as a result of the presence of readily 
absorbable fatty acids in the diet This would result in greater uptake 
of lipid into developing yolk follicles, giving bigger yolks and hence 
bigger eggs. The results, however, did not support this hypothesis. It 
was found that in young hens dietary maize oil supplementation 
increased both yolk and albumen weights but that in older hens there 
was an increase only in albumen weight. It was concluded that fatty 
acids were having an effect of stimulating protein synthesis in the 
oviduct. It was speculated that this mechanism involved oestrogen. 
This has been confirmed in a subsequent study that has shown a 
direct relationship between the magnitude of the egg weight increase 
produced by a range of different dietary fat types and amounts and 
plasma oestradiol concentration (Whitehead et aL, 1993). 
The novel finding that dietary fats affect protein synthesis via 
an effect on oestrogen has interesting implications. Many responses of 
poultry to dietary fats are currently explained by somewhat vague 
concepts such as palatability, synergism or extracaloric effects. 
However, the possibility that fats have wider effects on hormonal 
metabolism in poultry might provide might provide an alternative 





Body fatness in broilers 
The project on body fatness described by the papers in this 
section arose form the realisation that broiler chickens in the late 
1970s were becoming excessively fat. Broiler meat itself is lean (i.e. it 
contains little intramuscular fat) but there are large adipose tissue 
depots in the bird and it was often found that market age broilers 
actually contained more fat than protein on a dry weight basis. There 
was a school of thought that the problem was caused by incorrect 
nutrition, but after considering the literature I came to the conclusion 
that nutritional manipulation was not an effective means of solving 
the problem. Broilers seemed to be fat for genetic reasons and 
therefore the best solution was genetic. However prospects for a 
genetic approach seemed slim: there were no research geneticists in 
the UK working on the problem and there were no simple criteria of 
body fatness in live birds upon which to base a selection programme. 
In collaboration with a biochemist, we therefore set out to explore a 
genetic solution to the problem ourselves. 
We reasoned that plasma lipid characteristcs might show some 
relationship to body fatness because, unlike mammalian species, 
chickens have little capacity for lipid synthesis in adipocytes. Instead, 
fatty acids are synthesised in the liver, secreted into plasma as 
components of lipoproteins and taken up by adipose tissue under the 
action of lipoprotein lipase. Initial studies showed that plasma 
triglyceride concentrations in fasted birds were very low and not well-
related to body composition. However concentrations of plasma 
triglyceride in the very low density lipoprotein (VLDL) plus low density 
lipoprotein (LDL) fraction from fed birds were found to show a high 
correlation with body fatness in slaughter age broilers, as reported in 
Paper 10. It was speculated that measurement of this characteristic 
could provide a suitable criterion for selection for leaner birds. To 
simplify the analysis of large numbers of plasma samples from a 
breeding programme, a turbidimetric assay for VLDL was developed 
for use with an autoanalyser (Paper 11). A further study, described in 
Paper 12, refined the nutritional and blood sampling procedures to 
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maximise the correlation between VLDL and body fatness. In 
particular, it was found that the use of a diet of low fat content gave a 
better prediction of body fatness because of the lack of interference of 
plasma lipid of dietary origin in the VLDL assay. 
We also showed, in Paper 13, that plasma VLDL could be used 
to estimate body fatness in growing turkeys. During the course of a 
sabbatical leave in Australia, I was able to show that VLDL was a 
better criterion of fatness than the activities of some lipogenic 
enzymes (Paper 14). 
We then set up a divergent selection experiment using a base 
population of a pure line of broiler grandparent stock from a local 
breeding company and established two lines by selecting for low or 
high plasma VLDL concentration in fed birds at 6 to 7 weeks of age. 
Selection was continued over 10 generations. Paper 15 describes 
results over the first 3 generations and shows the rapid response of 
VLDL to selection. Large changes in body fatness and food conversion 
efficiency were correlated responses, but there was no effect of 
selection on body weight. The trends were confirmed in the 4th 
generation in Paper 16, where it was also shown that dietary fat 
content did not affect the characteristics of the lines. Paper 17 
describes the selection responses up to the 8th generation. The rates 
of divergence of the main characteristics were maintained, although 
progess was latterly faster in the direction of fatness. Nevertheless the 
lean (low VLDL) line was by this time substantially leaner and had 
much better efficiencies of conversion of food and dietary protein than 
the original base population. Paper 18 reviews the main advantages 
of this selection procedure. It also contains the results of a choice 
feeding experiment showing that the lean and fat lines selected 
substantially the same diets and achieved the same differences in 
body composition as were seen in birds fed on fixed diets. This 
observation refuted the contention of critics of the selection procedure 
who maintained that the lines only differed in fatness because they 
had different nutrient requirements and were being fed incorrectly. 
Nutritional responses of the lines were studied in a series of 
experiments. Paper 19 reported findings on the effects of feeding diets 
of different protein content. Both lines had similar protein 
requirements (as a proportion of the diet) for optimum growth, but the 
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lean line showed a greater growth depression at inadequate dietary 
protein levels. Body fatness was equally responsive in both lines to 
changes in dietary protein concentration. However, when body 
composition was equalised in the lines (by feeding the fat line on a 
diet of higher protein content) the lean line showed superior 
efficiencies of utilisation of food and dietary protein and energy. 
Papers 20 and 21 describe the growth and mature characteristics of 
the lines when reared on diets of different protein content. The growth 
and feeding characteristics were evaluated with a mathematical 
model. Males showed effects of line and diet on body fatness at all 
ages up to 30 weeks; females, however, showed little effect of either on 
body composition at 21 weeks although the patterns of fattening 
during early growth were highly dependent on these factors. 
Initial egg production of the fat line hens was found to be very 
poor in these studies and further investigations on reproduction were 
carried out. Paper 22 confirmed that reproduction was very much 
poorer in the fat line under ad libitum feeding conditions. This was 
related to atresia of yolk follicles. Food restriction improved egg 
production in both lines, but fat line hens needed a higher food intake 
to optimise production and were always fatter. It was speculated in 
Paper 23 that the poorer reproduction in the fat line hens might be 
related to the 5-fold higher plasma oestradiol concentrations observed 
in these birds. Plasma oestradiol concentrations are relatively low in 
growing chickens and it seems intriguing that selection for an 
immature characteristic could have had such a large effect on a 
hormone so associated with sexual maturity in hens. 
Several studies have been carried out to investigate the 
metabolic bases for the differences in body composition and nutrient 
utilisation in the lines during growth. Measurement of some hormonal 
characteristics showed in Paper 24 that mean plasma concentrations 
of several hormones did not differ significantly but that the 
amplitudes in the daily rhythms in concentrations of corticosterone, 
T3 and prolactin. 
Studies on lipid metabolism showed (Paper 25) that hepatic 
activities of lipogenic enzymes were higher in the fat line and that this 
was related to large line differences in rates of hepatic VLDL secretion 
(Paper 26). A collaborative study on lines of lean and fat broilers 
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selected on the basis of VLDL or, in France, on abdominal fat content 
or plasma glucose concentration suggested that common principles 
were involved in differences in fattening (Paper 27). In general, 
genetically fat chickens use a greater amount of carbohydrate for 
hepatic lipogenesis, resulting in higher synthesis and secretion of 
VLDL and subsequent accumulation of triglyceride in adipose tissue. 
Studies on amino acid metabolism were also carried out. In 
Paper 28 it is shown that rate of amino acid oxidation was less in the 
lean birds. Because food intake is lower in the lean line, a further 
study was carried out using pair feeding to equalise the intakes of the 
lines. This showed, in Paper 29, that fat line birds were always lighter 
and fatter than lean line counterparts and had higher rates of amino 
acid oxidation and incorporation of 14C from amino acids into lipid. 
These results demonstrate that a further difference between the lines 
is in the partitioning of amino acids, whereby the fat line uses a 
greater proportion of amino acids for oxidation and lipogenesis, even 
at the expense of lean tissue growth. The results confirm that 
hyperphagia is not the main cause of the differences in fatness. 
A study on energy metabolism (Paper 30) showed that heat 
production did not differ between the lines. The results were 
consistent with a hypothesis of a higher rate of breakdown of amino 
acids and a greater proportion of retained energy being stored as fat in 
the fat line. 
As a result of this project, plasma VLDL has become the first 
biochemical index for productive characteristics to be used in 
commercial poultry breeding. I developed the VLDL assay method 
further for use with a microplate reader. This allows much greater 
throughput than with the autoanalyser method and a thousand 
assays can now be carried out with ease on a daily basis. The method 
is in regular use by several broiler and turkey breeding companies in 
various parts of the world. It is also being evaluated in duck breeding, 
with modifications to the husbandry procedures to compensate for the 
habit of meal feeding in this species. The VLDL method is seen in 
industry as being effective for selecting for leanness and improved 
food efficiency. It has advantages over the conventional method of food 
efficiency selection because it does not require birds to be caged 
individually. Greater numbers of birds can therefore be screened more 
economically and this is particularly helpful for selection for these 
characteristics in females. 
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Fatty liver and kidney syndrome in broilers 
In the late 1960s, a condition known as fatty liver and kidney 
syndrome (FLKS) became an increasingly serious cause of mortality in 
broiler flocks in many countries, including UK and other northern 
European countries, Canada and Australia. The condition was named 
alter the main post mortem changes seen in birds, namely paleness of 
liver and kidneys attributable to large accumulations of lipid. A 
multidisciplinary group of scientists, involving nutritionists, 
pathologists and biochemists, formed at the Institute to study the 
condition and I became the co-ordinator of the project, on the general 
assumption that FLKS involved some derangement of lipid 
metabolism. 
The occurrence of FLKS was unpredictable; there was a sudden 
onset and death could result within a few hours. To study the causes 
and characteristics of FLKS it was important to be able to reproduce 
the condition experimentally and nutritional means were tried. Paper 
31 describes the first nutritional investigation and, on the basis of the 
experience gained in that study, a "killer" diet was formulated which 
was subsequently found to regularly give 20 to 30% mortality. The 
diet was based on wheat and had a high energy content but protein 
and fat contents that were relatively low by commercial standards. A 
series of experiments were then carried out to study the effects of 
changes to this diet and environmental factors. Parallel biochemical 
studies were carried out to investigate the metabolic changes 
associated with the onset and progression of the disorder. 
Paper 32 reported that increasing the dietary protein content 
could diminish mortality to low levels and that mortality was higher 
at higher environmental temperatures. The studies in Paper 33 
showed that increasing dietary fat contents could also decrease, but 
not prevent, mortality but that substitution of barley for wheat was 
without effect. In Paper 34 it was reported that the effect of fat was 
not related to the fatty acid composition of the fat. Subjecting the 
birds to stress or starvation could increase mortality in the short 
term. However the most important finding of this study was that 
supplementing the killer diet with a wide range of additional vitamins 
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could virtually eliminate the condition. The object of the next 
experiment was obviously to find out which vitamin or combination of 
vitamins was responsible for this effect. As reported in Paper 35, the 
effect was found to be attributable to biotin, and appropriate 
supplemental levels for this vitamin were identified for preventing 
FLKS in birds at different ages. Paper 36 reported that biotin 
supplementation of breeder hen diets was also helpful in decreasing 
susceptibility to FLKS in the progeny and Paper 37 demonstrated 
interactions between biotin and choline in the occurrence of FLKS and 
possible relationships between FLKS and sudden death syndrome in 
broilers. 
The initial metabolic studies (Papers 38, 39 and 40) were 
aimed at identifying the abnormalities of lipid metabolism associated 
with the syndrome. Paper 38 reports that liver and kidney lipid 
contents in birds not developing the syndrome were not much affected 
by diet. Birds suffering from the syndrome had elevated plasma 
lipoprotein and free fatty acid levels but these were not caused by 
failure of fatty acid oxidation (Paper 39). The fatty acid compositions 
of liver and kidney lipids were found to become more similar to that of 
adipose tissue (Paper 40). The general conclusions from these studies 
were that the lipid changes did not seem to be a primary cause of the 
syndrome or mortality. Hyperlipaemia was a response to some other 
factor and reflected a mobilisation of fatty acids from adipose tissue. 
This lipid subsequently formed harmless accumulations in a variety of 
organs, especially liver and kidney. 
The biochemical studies then switched to carbohydrate 
metabolism when it was found that affected birds were severely 
hypoglycaemic and that this was the probable cause of death. Paper 
41 identifies depletion of glycogen and the lack of hepatic 
gluconeogenesis in affected birds as important factors in the 
hypoglycaemia. Impairment of carbohydrate absorption was ruled out 
when oral administration of various carbohydrates relieved the 
hypoglycaemia in affected birds (Paper 42). In Paper 43, fasting was 
shown to be a means of triggering FLKS in susceptible birds and to 
initiate the decrease in plasma glucose concentration which became 
progressively severe until the bird died. More detailed study of the 
initiation of FLKS (Paper 44) showed how fasting rapidly depleted 
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glycogen reserves and led to birds with impaired capacity for hepatic 
gluconeogenesis then going on to develop hypoglycaemia. 
The reasons for impaired gluconeogenesis and the role of biotin 
in preventing FLKS were explained in Paper 45. Activity of pyruvate 
carboxylase (PC), a biotin-dependent enzyme in the gluconeogenic 
pathway via pyruvate, was found to be almost totally lacking in some 
birds fed on a diet of low biotin content. These birds were obviously 
able to live and grow well under normal circumstances, with their 
need for glucose presumably being met from digestion of food, by 
gluconeogenesis from other pathways and from short-term turnover of 
glycogen. However, when these birds were stressed or fasted and 
glycogen reserves became depleted, the absence of the major pathway 
of gluconeogenesis via pyruvate would result in the birds developing 
hypoglycaemia and consequent FLKS. In contrast, when adequate 
amounts of biotin were present in the diet, PC activities were shown to 
be much higher and capable of sustaining gluconeogenesis even 
during prolonged fasting. Interestingly, in birds fed the low-biotin diet, 
activities of another biotin-dependent enzyme, acetyl-CoA carboxylase 
(ACC), involved in lipogenesis were relatively high. This suggested that 
when biotin supplies are limited, the needs of ACC for its cofactor are 
met preferentially. The roles of dietary protein and fat in decreasing 
FLKS could then be explained. These factors are known to depress 
hepatic lipogenesis. Paper 45 confirmed that the activities of ACC 
were indeed depressed when the dietary content of protein or fat was 
increased. With less biotin needed to maintain ACC activity, more 
became available for PC, which explained the higher activities of this 
latter enzyme when the low biotin diet contained extra protein or fat. 
Paper 46 explained why birds suffering from FLKS did not show 
the classical signs of biotin deficiency. Signs of classical deficiency, 
namely growth depression and dermal lesions, were least severe 
when biotin deficient diets also contained low levels of protein. 
However under these dietary conditions, mortality from FLKS was 
high. In contrast, on biotin-deficient diets of higher protein content, 
there was little FLKS but growth depression and dermal lesions were 
much more severe. Paper 47 presented evidence that the more severe 
dermal lesions on the high protein diets were associated with lower 
circulating levels of biotin and Paper 48 confirmed the interactions 
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between dietary biotin and protein on lipogenesis and 
gluconeogenesis. 
Following suggestions from Australian researchers that sudden 
infant death syndrome (Cot Death) might be caused by an FLKS-like 
condition, the work described in Paper 49 was carried out to show 
that liver glycogen levels could be used as a means of diagnosing 
hypoglycaemia post mortem. 
Paper 50 showed that turkeys were also susceptible to FLKS 
under experimental conditions. Paper 51 is a review describing much 
of the strategy behind the detective work involved in the FLKS project. 
The research on FLKS established the complete aetiology of a 
unique and complex metabolic disorder, to which birds were 
predisposed by nutritional factors but which was initiated by 
environmental factors. The disorder does not seem to have a 
mammalian equivalent, perhaps partly because mammals do not have 
to maintain such high circulating glucose levels as birds. The 
discovery of the involvement of biotin was also made 
contemporaneously by Australian researchers but the detailed 
aetiological studies were carried out only at Edinburgh. Following the 
discoveries on biotin, use of that vitamin increased markedly on a 
world-wide basis. Biotin changed from being an expensive vitamin 
used on only a limited basis in animal nutrition to becoming a routine 
supplement for broiler diets. Its price became relatively much cheaper 
as production was scaled up. The realisation that biotin had been 
rather neglected in animal nutrition research and could be of practical 
importance encouraged studies in other species. These led to 
important discoveries on the roles of biotin in foot health in pigs and 
horses and reproduction in pigs, with the result that biotin 




Vitamin nutrition and biochemistry 
The studies on FLKS and biotin metabolism stimulated my 
interest in vitamin biochemistry on a more general basis. There was 
an extensive literature on vitamin requirements in poultry, but values 
were based mainly on evaluation of production responses and there 
was little insight into more specific metabolic needs for some vitamins. 
The papers contained in this section describe the results of my 
studies aimed at establishing metabolic criteria of vitamin status and 
needs in poultry. 
The first papers concentrate on biotin and the development of 
an assay for blood PC as criterion of metabolic status for this vitamin. 
Paper 52 describes the development of the assay procedure and 
Paper 53 shows how the activity is related to status in both broilers 
and turkeys. Responses of the enzyme and body weight to dietary 
biotin increments were found to be very similar and hence the enzyme 
can be used as a criterion of biotin requirements in young poultry. 
Paper 54 established practical biotin requirements in broilers, using 
both performance and biochemical responses as criteria. Paper 55 
demonstrated that PC is a useful criterion of biotin status in young 
pigs also. 
Paper 56 describes the use of blood PC activity as a novel 
means of assessing biotin contents and bioavailabilities in feed 
ingredients. The assay had some advantages over the conventional 
growth response bioassay in that response sensitivity was greater. The 
method was used to generate commercially important data and to 
confirm that biotin bioavailability in cereals, especially wheat, was 
low. 
The next three papers describe biotin needs and responses in 
adult birds. Paper 57 shows that biotin requirements for egg 
production are very low. However in breeding birds biotin is important 
for hatchability of eggs and viability of the chicks. Paper 58 showed 
how the incorporation of biotin into eggs increased with the age of the 
hen and Paper 59 established practical requirement values for broiler 
breeder diets. 
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The mechanisms of incorporation of biotin into eggs were 
studied in several experiments. Paper 60 describes the roles of 
different biotin-binding proteins in transporting biotin into yolk and 
albumen. A new plasma biotin-binding protein (BBP-II) was 
discovered and shown to be responsible for the transport of most 
biotin into the yolk. Production of BBP-II was shown to be regulated 
by biotin intake up to a maximal level. Above this level, unbound 
biotin in plasma was then scavenged by avidin in the oviduct and 
incorporated preferentially in albumen. Paper 61 shows that turkeys 
lack BBP-II, and this accounts for the lower incorporation of biotin 
into yolk and the greater incorporation into albumen in this species. 
Avidin binds biotin with very high affinity and the metabolic 
usefulness to the developing embryo of biotin in albumen is of 
interest. Paper 62 suggests that avidin-bound biotin is not available 
to the chicken embryo. 
As a result of my extensive experience on biotin, I was invited by 
Hoffmann-La Roche to write a monograph as their standard reference 
publication on biotin in animal nutrition. This is presented as Paper 
63. 
Riboflavin is also important in breeder diets, and field cases of 
deficiency have been suspected on occasions. Paper 64 established 
the role of riboflavin-binding proteins (RBPs) in incorporating 
riboflavin into yolk and albumen of eggs. The mechanisms were 
shown to differ from those for biotin, because plasma RBP was 
present in constant concentration and its degree of saturation with its 
ligand increased with dietary riboflavin concentration. The upper limit 
to riboflavin incorporation into yolk was reached when RBP was fully 
saturated. This gave an indication of the dietary riboflavin 
concentration above which there was no nutritional benefit. A possible 
cause of induced riboflavin deficiency was reported in Paper 65 where 
it was shown that borate, but not aluminate, could complex with 
riboflavin to render it metabolically unavailable. 
Folic acid is one of the most complex vitamins in terms of its 
different forms and functions, but there was little information 
available on methods for assessing metabolic requirements in poultry. 
Studies on this vitamin established heamatological (Paper 66) and 
biochemical (Paper 67) criteria for assessing the metabolic status of 
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this vitamin and these were used as a basis for updating practical 
dietary recommendations for growing birds. Folic acid was implicated 
in Paper 68 as a possible contributary factor in the decline in 
hatchability of eggs as a consequence of storage. 
The final publication in this section is Paper 69. This 
represents the fruits of an extensive literature review of vitamin 
requirements in all poultry. It gives information on dietary 
requirements and feedstuff contents and provides suggestions for 
supplemental allowances for practical diets. The vitamin supplement 
compositions of a number of companies involved in poultry nutrition 





As a result of my previous experience in metabolic disorders, I 
became involved in research on the developmental bone disorders that 
cause such severe welfare and production problems in different 
classes of poultry. The studies on broilers have concentrated on tibial 
dyschondroplasia (TD) which a radiological study reported in Paper 
70 confirmed was a major contributor to the angular bone deformities 
that cause lameness in growing birds. Many previous researchers 
studying TD have based their conclusions on visual assessment of 
lesions, but a comparison of visual and histological methods of 
diagnosis illustrated that the histological technique is far more 
satisfactory in identifying the abnormalities specific to TD (Paper 71). 
Nutritional factors are known to influence TD, and Paper 72 
describes work suggesting that trans-fatty acids may contribute to TD 
by inhibiting prostaglandin synthesis. However more insight into 
nutritional factors affecting TD came from studies on vitamin D 
metabolites. Edwards (1990) reported that feeding a vitamin D 
metabolite (1 ,25-dihydroxyvitamin 133) could decrease the incidence of 
TD as assessed visually. However more detailed studies using 
histopathology to diagnose TD demonstrated that adding 1,25-
dihydroxyvitamin D3 to a diet can completely prevent TD (Paper 73). 
These studies were carried out using a diet of imbalanced Ca/P 
content to maximise the occurrence of TD, but subsequent studies 
have shown that the metabolite is effective with diets of normal Ca 
and P content. These findings perhaps open the way to the use of a 
new vitamin product to substantially improve broiler health and 
welfare, though much developmental research needs to be done before 
this approach becomes practical. 
Cellular studies on TD have shown in Paper 74 that enzymic 
changes occur in growth plate chondrocytes during differentiation and 
have described abnormalities present in dyschondroplastic 
chondrocytes. TD is caused by a failure of chondrocytes to 
differentiate fully and the role of 1 ,25-dihydroxyvitamin D3 in this 
process has been investigated. It has been found (Paper 75) that 1,25-
dihydroxyvitamin D3 speeds up the process of differentiation in 
26 
normal chondrocytes. A more detailed account of this work is 
currently in press (Farquharson et al., 1993). These findings suggest 
that 1,25-dihydroxyvitamin D3 may prevent TD by preventing the 
slowing of chondrocyte differentiation that is thought to lead to the 
development of the lesion (Thorp et al., 1993). 
Bone fragility is a major problem in caged laying hens and leads 
to high incidences of fractures. Paper 76 describes morphological 
studies on the nature of the condition and shows how osteoporosis 
causes the progressive loss of structural bone during the life of the 
hen. Paper 77 gives a more detailed review of the nature of the 
condition and contains descriptions of sudies that have not yet been 
published more fully elsewhere. It appears that one of the reasons for 
the bone loss is an inhibition of structural bone formation in 
reproductively-active hens. This conclusion is based on the 
observation of a lack of osteoid on structural bone in hens that are in 
lay. Thus normal osteoblastic bone formation could not take place, 
but bone resorption could continue. However in hens that had ceased 
laying, structural bone osteoid was seen and it is probable that these 





In the course of my researches there have been some 
adventitious observations that have resulted in some interesting 
follow-up studies. One of these areas has been in sodium nutrition, 
where novel consequences or applications of toxicity and deficiency 
have been identified. 
Cystic dilatation of testes was observed to be caused in very 
young chicks by dietary levels of sodium that were lower than those 
thought previously to be toxic. Paper 78 describes the morphology of 
the lesions and Paper 79 gives information on the dietary sodium 
levels causing them. Paper 80 shows how chicks are most sensitive to 
development of the lesions during the second and third weeks of life. 
Severe cysts were shown in Paper 81 to persist up to maturity, 
though most affected testes showed signs of spermatogenesis. Paper 
82 reports a study giving recommendations for optimum sodium 
levels in practical broiler diets. 
Sodium deficiency is known to impair egg production, but in 
Paper 83 it was shown that feeding a low-sodium diet could be used 
as a means of inhibiting and controlling egg production in hens. This 
method was proposed as an alternative to the procedure of 
withdrawing food and water as a way of force-moulting hens to 
achieve an extra period of economic egg production. Paper 84 
established the optimum dietary sodium level for inhibiting egg 
production without impairing the health of the hen and the method 
was used in the practical management of laying flocks. Some field 
observations of increased pecking in flocks given low-sodium diets 
were followed up experimentally, with conflicting results. Paper 85 
reported that increased pecking or activity was not observed, but a 
further study (Paper 86) did detect increased activity in some sodium-
deprived birds. It was concluded that there were probably strain and 
husbandry effects on birds given low-sodium diets, but that these 
problems were not sufficiently severe to prevent the practical use of 
the low-sodium method. 
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BIBLIOGRAPHY 
EDWARDS, H.M.,Jr. (1990). Efficacy of several vitamin D 
compounds in the prevention of tibial dischondroplasia in broiler 
chickens. Journal of Nutrition, 120: 1054-1061. 
FARQUHARSON, C., WHITEHEAD, C.C., RENNIE, J.S. & 
LOVERIDGE, N. (1993). In vivo effects of 1, 25-dihydroxycholecalciferol 
on the proliferation and differentiation of avian chondrocytes . Journal 
of Bone and Mineral Research (in press). 
PAYNE, G.G., GILCHRIST, P., PEARSON, J.A. & HEMSLEY, L.A. 
(1974). Involvement of biotin in the fatty liver and kidney syndrome of 
broilers. British Poultry Science, 15: 489-498. 
THORP, B.H., DUCRO, B., WHITEHEAD, C.C., FARQUHARSON, 
C. & SORENSEN, P. (1993). Avian tibial dyschondroplasia: the 
interaction of genetic selection and dietary 1,25-
dihydroxycholecalciferol. Avian Pathology (in press). 
WHITEHEAD, C.C., BOWMAN, A.S. & GRIFFIN, H.D. (1993). The 
regulation of plasma oestrogen by dietary fats in the laying hen: 
relationships with egg weight. British Poultry Science (in press). 
29 
STATEMENT OF AUTHORSHIP 
I have been sole author or first author of 43 of the 86 papers in 
this collection. Much of the research described in the papers was 
multidisciplinary and this is reflected in the multi-authorship of some 
of the papers. In these papers I played the major role in the 
nutritional and frequently also in the biochemical contributions. My 
contribution to the more pathological and morphological studies was 
less, and involved mainly the provision of experimental material. In 
several papers, the co-authors were technical, doctoral or post-
doctoral assistants working directly under my supervision. 
I have played a major role in determining the strategy and 
conduct of the research described in each of the sections. In 
particular, I was the co-ordinator of the multidisciplinary project on 
FLKS. 
None of the work has been submitted for other degrees, with the 
exception of Paper 9 which describes work included in a PH.D. thesis 
by A.S. Bowman (University of Edinburgh, 1989). 
30 
ACKNOWLEDGEMENTS 
My research has been carried out during a period of great 
change within the AFRC, but I would like to thank all of my Directors 
and Departmental Heads for the support and encouragement they 
have given me throughout and for the freedom they have given me to 
follow my nose. Much of the research I have been involved in has been 
multidisciplinary, and I gratefully thank those colleagues from other 
disciplines, mainly biochemists and pathologists, who co-operated so 
willingly with me and tolerated my failings and misunderstandings. I 
would like to think that together we progressed research much further 
than any of us could have done alone. 
Some colleagues deserve special mention. I shared Bill Dewar's 
office at the start of my career at PRC and he initiated me into many 
of the complexities of poultry nutrition research. Don Bannister was a 
particularly congenial and knowledgeable collaborator during the 
biochemical studies on biotin and FLKS. Walter Siller gave me 
fascinating insights into anatomy and pathology. Franz Tagwerker 
encouraged me greatly in my vitamin studies and opened the door to 
wider horizons. I thank Ross Hood and Alan Johnson for their help 
and hospitality during my sabbatical in Sydney and Hal White for the 
sense of fun and expertise he imparted during his sabbatical stay in 
my laboratory. Among more recent colleagues, Sarah Rennie has given 
valuable support. 
But my greatest thanks are to my wife, Dorothy, for her loving 
support of my interests and her tolerance of my preoccupations, 
absences on trips and propensity for arranging family holidays around 
chickens. 
SECTION 1 PAPERS 
1 
Br. Fault. Sd., i: 249.254. 1971 
	
Longman: printed in Great Britain 
EFFECT OF DIETARY FAT ON MINERAL 
RETENTION IN THE CHICK 
C. C. WHITEHEAD, W. A. DEWAR AND J. N. DOWNIE 
Agricultural Research Council's Poultry Research Centre, 
West Mains Road, Edinburgh EH9 37S, Scotland 
Received for publication 1st October 1970 
SYNOPSIS 
Chicks were fed seven experimental diets to determine whether the level or 
type of dietary fat affected the retention of calcium, iron, magnesium or zinc. It 
was found that the presence of any type of fat at or above the 5 per cent level decreased 
the retention of all four. Retention decreased with increasing dietary fat concentra-
tion and increased with increasing absorbability of the fat. For fats of similar absorb-
abilities, minerals were more poorly retained when the fat was present as free fatty 
acid. Lowest mineral retention occurred with poorly absorbed free fatty acid. 
INTRODUCTION 
It has been demonstrated repeatedly that excess dietary calcium impairs the 
absorption of fat in rats and poultry. However, the effect of fat on calcium absorption 
is less well understood. Biely and March (1967) reported that 12 per cent saturated 
fat added to the diet did not increase the calcium requirement of the chick and 
Lipstein and Bornstein (1968) found that neither type nor level of supplemental oil 
had any effect on bone calcification of chicks. Pepper, Slinger and Motzok (1955), 
however, reported that 5  to io per cent animal fat increased the calcium requirement 
of the chick. In the rat, increasing the level of oleic oil from 5  to  45  per cent caused 
a progressive decrease in the percentage retention of calcium (French and Elliott, 
1943). Tadayyon and Lutwak (1969) reported that a high dietary level of a poorly 
absorbed fat decreased the retention of calcium and magnesium in the rat. The 
effect of dietary fat on the retention of minerals other than calcium by poultry does 
not seem to have been investigated. 
Data on the retention of calcium, iron, magnesium and zinc by chicks fed diets 
containing fats at various concentrations and of different origins are presented in this 
paper. 
MATERIALS AND METHODS 
Experimental plan and diets. The effect of fat concentration was investigated by 
feeding four diets of differing maize oil concentrations: o, 5, 10 and 15  per cent. 
To investigate the effect of fat absorbability on mineral retention, other fats were fed 
at io per cent. The compositions of the experimental diets are shown in Table I. 
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Although maize oil (diets B,C,D) is known to be absorbed well by chicks, Renner 
and Hill (1961a) found that only 5 per cent of palmitic acid is absorbed. The 
absorbabilities of tallow (diet F) and lard fatty acids (diet G), 68 to 69 per cent, are 
intermediate between those of palmitic acid and maize oil (Renner and Hill, 196 i b). 
TABLE I 
Composition of diets (parts by weight) 
Ingredient A B C D E F G 
Starch 585 466 346 285 348 398. 348 
Albumen 27 27 27 27 27 27 27 
Cellulose 5 11.9 189 20 187 I37 187 
Totanin 2 2 2 	- 2 2 2 2 
Maize oil ... 5 10 55 
Palmitic acid ... ... ... ... 10 
Tallow ... ... ... ... ... so 
Lard fatty acids ... ... ... ... ... ... 10 
Santoquin 004 004 004 004 004 004 004 
Vitamin/mineral 
supplement' 7 . 5 75 7 . 5 7 .5 7 . 5 7 . 5 7 . 5 
1 Vitamin/mineral supplement (g/Ioo kg): calcium hydrogen phosphate, 3530; calcium carbonate, 
5820; potassium chloride, 500; magnesium carbonate, 200; ferrous sulphate, 30; manganous carbonate, 16; 
cupric carbonate, 38; zinc oxide, 8o; potassium, oia; sodium molybdate, o25; sodium selenite, oo2; 
boric acid, 0 - 09; sodium fluoride, 04; choline chloride, 800; thiamine hydrochloride, io; nicotinic acid, 40; 
riboflavin, 48; calcium pantothenate, 6o; vitamin B 121 ooi; pyridoxine hydrochloride, 18; biotin, 0.4; 
folic acid, o•6; inositol, 20; menaphthone, 15o; Rovimix E, 6o; Rovimix A+ D 3, 30; Zoamix, o; ascorbic 
acid, 25; p-aminobenzoic acid, 020. 
By comparing the retentions of the various minerals in diets F and G, it was also 
hoped to gain information on the effects of equally absorbable fats when present 
either as free fatty acids or triglycerides. The composition of the lard fatty acid 
mixture, which was prepared from laboratory reagents in the approximate pro-
portions indicated by Renner and Hill (i96th), is given in Table 2. 
TABLE 2 
Composition of lard fatty acid (percentage by weight) 
Per cent 
Myristic acid 1-5 
Palmitic acid 265 
Stearic acid 125 
Oleic acid 46-0 
Linoleic acid 120 
Linolenic acid 1-5 
Other materials and methods. Eighty-four male i -d-old broiler chicks were weighed, 
wing-banded and randomly allocated to 28 plastic cages. The cages were arranged 
in groups of four; a dull emitter brooder lamp was suspended above each group. 
The seven experimental diets were made up in duplicate and pelleted (Dewar, 1969) 
and each was supplied to two cages. The diets and ion-free water were supplied 
ad libitum in plastic troughs. The live-weights and food consumption were measured 
twice weekly. After 2 weeks had elapsed, the droppings from each cage, partially 
dried by the heat from the brooder lamps, were collected twice per week for 2 weeks 
and the drying completed in a forced-air oven. The collections from each cage for 
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each.week were pooled, weighed and ground. 'Cellulose in the diets and droppings 
was determined by the method of Crampton and Maynard (1938) and the concen-
trations of calcium, iron, magnesium and zinc were determined by atomic absorption 
spectrophotometry. 
Albumen (8o per cent crude protein) was chosen as the dietary source because 
it has a low trace mineral content. The diets were calculated to be isocaloric and 
isonitrogenous; the metabolisable energy to crude protein ratio was 61 : i except 
in diet D, where it was increased to 655 : i to prevent the cellulose content from 
reaching a level high enough to interfere with absorption of the'diet by the chicks. 
Chicks fed diets A and E were given small amounts of linoleic acid orally to prevent 
essential fatty acid deficiency. Mineral analyses of the diets are given in Table 3. 
TABLE 3 
Mineral concentrations (mg/kg) of the duplicate diets 
A B C D E F G 
Cal 
14,920 14,820 14,600 15 1400 15,100 14 1 900 14,800 
14,720 , 	 14,900 15,530 14,800 15,100 14,740 14,800 
Fe) 
77 86 85 -' 	79 96 81 80 
81 82 86 8o 90 81 80 
Mg} 
1,125 1,225 1,125 1,275 1,175 1,175 1,200 
1 2 135 1,220 1,125 1,270 , 	 1070 1075 1075 
Zn) 
49 56 55 58 55 52 53 
49 57 5' 61 51 53 55 
TABLE 4 
Percentage retention of Ca, Fe, Mg, Zn 
A B C D E F G 
Ca 	3831 ±°59 2795±061 2447±062  2495± 134 12'09±i-62  2222 ± 018  1 449±0 95 
Fe 4440±096 3822±1'31 3312±187 3032±069 1131±056 21 - 66±117 1864±073 
Mg 	4036±095 3010 ± 018  255 1 ± 0 30 2715±113 18o8±ogo 2230±086 1987±047 
Zn 3427±078 2709±041 2767±003 2307±032 1987±035 2461 ±o6 20 79±088 
Each result represents a mean of 8 determinations ± SE. 
RESULTS 
The percentage retention of each mineral, defined as the net difference between 
the amount in the diet and the amount in the droppings, expressed as a percentage 
of the amount in the diet, was calculated, using cellulose as a reference material, by 
means of the following formula: 
mineral conc. of droppings 	cellulose conc. of diet 
Percentage retention = 100 
(i x mineral conc. of diet) 
X 
 cellulose conc. of droppings 
Cellulose was chosen as the marker since it is not digested by the fowl (Bolton, 1954). 
The percentage retention of calcium, iron, magnesium and zinc for the various diets' 
is listed in Table 4.  Statistical analysis of the results showed that there was no 
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difrcicicc between groups on different mixes of the same diet: nor was there any 
significant difference for any clement between the amounts retained in successive 
collection periods. 
When any type of fat was fed to the chicks at a level of 5  per cent or over, 
retention of all the elements under investigation was significantly (P <0'05)  lower 
than when no fat was fed. 
Eject of percentage offat 
At the four levels of maize oil investigated, mineral retention decreased with 
increased dietary fat level. 
Calcium. Retention with the i o percent maize oil diet was significantly (P < 0 .05) 
lower than with 5 per cent oil. Because of the relatively large standard error of the 
percentage retention from the 15 per cent oil diet, this result was not significantly 
different from the retentions at the 5  and io per cent level. 
TABLE 5 
Live-weights, food consumption and food conversion ratios of chicks 
	
A 	B 	C 	D 	E 	F 	G 
Weight at 24 d (g) 1 	356±i6-6 354±21-5 388 + 18- 9 372 ± 2 7 - 9 2 5 2 ± 12-3 332 ± 2o-6 282 ± 20 '4 
Food consumed (g) 2 329 	332 	357 	336 	344 	334 	332 
Food conversion ratio3 	1 -83 1*95 P90 1*77 286 1 -88 255 
1 Mean weight of group ± SE. 
2 Mean weight of food consumed per bird from age 24 to 24 d. 
' From age 14 to 24 d. 
Iron. Whereas the retention of iron at the io per cent level was not significantly 
different from that at 5  and 15 per cent, there was significance (P<0.05) between 
retentions at the latter two levels. 
Magnesium. Retention was significantly (P< 0 05) lower with Jo per cent oil 
than with 5 per cent, although there was no significance between retentions at the 
io and 15 per cent levels. 
Zinc. There was no significance between retentions with 5  and i 0 per cent oil, 
but with 15 per cent oil retention was significantly (P <0.05) lower than at the lower 
levels. 
Effect of 1pe of fat 
Retention of the four elements with the io per cent tallow diet was significantly 
(P <0O5) lower than with io per cent maize oil and higher than with I  per cent 
palmitic acid. When lard fatty acids were substituted for tallow, retention of all 
four minerals was significantly (P< 005) decreased. 
The live-weights, food consumption and food conversion ratios of the chicks are 
given in Table 5.  Chicks fed the diet containing palmitic acid were significantly 
(P < 0 .05) lighter after 24 d than chicks fed any of the other diets except the one 
containing lard fatty acids, and chicks fed this diet were lighter than those fed no fat 
or io per cent maize oil. There were no significant differences (P<0.05) between 
the growth rates of chicks on the other diets. 
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DISCUSSION 	 - 
The findings on the effects of fats on calcium absorption are in agreement with 
those of Tadayyon and Lutwak (1969) for the rat and of Edwards, Dunahoo, 
Carmon and Fuller (1960) for the chick; they are at variance with the findings of 
Lipstein and Bornstein (1968) who concluded that the presence of fat as free fatty 
acid had no effect on calcium utilisation in the chick. However, the last-named 
authors used bone mineralisation as a criterion of calcium utilisation, rather than 
percentage retention. 
The dietary levels of calcium, iron, magnesium and zinc in the present experi-
ment were all higher than the minimum requirement suggested by the Agricultural 
Research Council (1963). Since it has been shown by Griminger (1961) that a 
decreased dietary concentration of calcium in the hen results in an increased per-
centage retention of that element, it does not necessarily follow that mineral retention 
would be affected by fat to the same extent when mineral concentrations were at a 
threshold level. 
All the elements examined showed similar retention patterns for the fats in-
vestigated. This not only rules out specific effects, e.g. vitamin D deficiency causing 
variable retention of calcium, but also suggests that similar chemical processes were 
involved in preventing the absorption of these elements, probably the formation of 
insoluble soaps. This suggestion is supported by the decreased retention of minerals 
with palmitic acid and lard fatty acid diets, since, as some fat fed as triglycerides is 
absorbed as monoglycerides, it might be expected that increased soap formation 
could occur if fats were fed as free fatty acids. 
Whereas the growth rate of the chicks fed palmitic acid can be explained by 
the low absorbability of palmitic acid, the slow growth of chicks fed the lard fatty 
acid diet may be explained by the poor retention of calcium. It is thus possible that 
chicks containing minerals at their previously determined minimum requirements 
may become deficient if fats are added. 
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SYNOPSIS 
The addition of 5  or io% tallow to a broiler diet containing 0-9% calcium 
reduced the retention of that element, although not sufficiently to cause a deficiency. 
Supplementation of the diets with vitamin D 3 above the minimum requirement 
level did not improve the retention of calcium in the added fat diets. 
INTRODUCTION 
In a previous experiment (Whiteheâd, Dewar and Downie, 1971), it was 
found that the addition of fat to chick diets containing 15% calcium reduced the 
retention of calcium and other minerals. It was speculated that the presence of 
high levels of dietary fat could result in a deficiency when minerals were included 
at their previously accepted requirement levels. The object of the present study was 
to examine the effect of fat supplementation -when the level of calcium was 0-9%, 
i.e. lower than the requirement for maximum growth of 099 to 1.07% found by 
Edwards, Marion, Fuller and Driggers (1963) in two trials. 
Vitamin D, supplementation of diets slightly deficient in calcium was found to 
improve the growth rate and percentage bone ash of chicks (Waldroup, Stearns, 
Ammerman and Harms, 1965). Since the addition of fat to a diet containing 0-9% 
calcium may lead to a deficiency of this element, the effect of supplemental vitamin 
D3 in high fat diets on calcium retention was examined. 
MATERIALS AND METHODS 
Six diets were prepared. The - compositions of the basal diets i, 2 and 3, 
containing o, 5  and io% tallow, respectively are set out in Table I. In diets Li, 
L2 and L3 vitamin D 3 was added to the Agricultural Research Council's requirement 
level of 300 i.u./kg (Agricultural Research Council, 1963), while in diets Hi, H2 
and H3 the amount of vitamin D. was increased to 6000 i.u./kg. The diets were 
calculated to be both isocaloric (metabolisable energy, 2950 kcal/kg) and isonitro-
genous (crude protein, 216%). Chicks fed diet r were given orally i ml linoleic 
acid per week to prevent essentially fatty acid deficiency. 
Seventy-two male day-old broiler chicks were weighed, wing-banded* and 
randomly allocated to 24 plastic cages, three birds per cage. The cages were 
arranged in groups of four with a dull emitter brooder lamp suspended above each 
group. The six experimental diets were made up in duplicate and pelleted (Dewar, 
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1969) and each was supplied to two cages according to a randomised plan. The 
diets and ion-free water were supplied ad libitum in plastic troughs. Live-weight 
and food consumption were measured twice weekly. After 2 weeks had elapsed the 
droppings from each cage, partially dried by the heat from the brooder lamps; were 
collected at 4-d intervals over a 12-d period and further dried in a forced-draught 
TABLE I 




Starch 585 492 398 
Albumen 27 27 27 
Tallow 0 5 10 
Cellulose 5 93 137 
Totanrn 2 2 2 
Vitamin /minerals mixture 75 7 .5 7 . 5 
Found: Li 	Hr L.? 	H2 L3 	H3 
Ca (g/ioo g) 095 093 090 092 090 091 
Zn(mg/kg) 63 	60 61 	62 61 	61 
1 Composition of vitamin and mineral mixture (gfi oo kg): calcium, hydrogen orthophosphate, 3333; 
calcium carbonate, 533 potassium chloride, 500; magnesium carbonate, 200; choline chloride,; 800 
ferrous sulphate, o; manganous carbonate, 16; cupric carbonate, 38; zinc oxide, 8o; potassium iodate, 
012; sodium molybdate, 025; sodium selenite, ooB; boric acid, oog; sodium fluoride, 04; thiamine 
hydrochloride, ioo; nicotinic acid, 400 riboflavin, 48; calcium pantothenate, 6o; vitamin B 121 ooI; 
pyridoxine hydrochloride, x-8; biotin, o; folic acid, o6; inositol, 200; menaphthone, 1-5, Rovimix E, 
6o-o; ascorbic acid, 250; Zoamix, 500; Rovinsix A50, 280; p-aminobenzoic acid, 02. 
Added to L diets: Rovimix A+D3, 24o; added to H diets: Rovimix A+D,, 480. 
oven at 8o °C before being ground to a fine powder. The birds were killed at 26 d 
of age. 
Cellulose in the diets and droppings was determined by the method of Crampton 
and Maynard (1938) and calcium and zinc were determined by atomic absorption 
spectrophotometrY. Bone mineralisation was assessed by removing the second and 
third phalanges of the middle toes of each chick and cleaning them of adhering 
tissue. After extraction with diethyl ether the fat-free bones were weighed and 
ashed at 450 °C to constant weight. The average percentage ash in the four fat-free 
dry bones from each chick was adopted as a criterion of calcification. 
RESULTS 
Mineral retention 




mineral conc. of droppings 	cellulose conc. of diet \ 
retention 	 mineral conc. of diet 
X 
cellulose conc. of droppings) 
The mean values of the three collection periods are listed in Table 2. Retentions 
did not differ between groups fed different mixes of the same diet. 
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Calcium. Retention with both diets 2 and 3  was significantly lower (P< 0 .05) 
than with diet I. With the exception of diet L2, where calcium retention was: 
significantly higher (P < 005) than with diet H3, there were no significant differences 
between the retentions with.diets L2, L3, H2 or H3. 
•TABLE 2 
Percentage retention of calcium and zinc 
Diet 
Li 	 L2 	 L3 	Hi 	H2 	H3 
Ca 	554±065 517±107 505±P12 566±071 493±068 48•1±l•Oi 
Zn 376±068 281 +o-6o 227±095 328±0•97 306± 1-27 225± 1-30 
Each result represents a mean of 12 determinations ± SE. 
Zinc. Retention of this element was significantly higher (P < 0.05) with diets 
L2 and H2 than with L3 and H3; there was no significant difference in retention 
between diets L2 and H2, or between L3 and H3. Retention with Lx was signi-
ficantly higher (P< 005)  than with L2, whereas the difference between Hi and H2 
was not significant. 
Live-weight and efficiency offood conversion 
The average live-weights after 26 d of the different treatment groups, the 
efficiencies of food conversion during the experimental period and the percentage 
bone ashes are given in Table 3. 
The weights of the birds fed diets Li, L2, L3 and Hi were not significantly 
different from each other and were significantly lighter (P<0 ' 05) than birds fed 
diets H2 and H3. The food conversion efficiency of birds fed diet H3 was signi-
ficantly higher (P < 005) than that of birds fed diet LI. The efficiencies of conver-
sion of other diets were not significantly different. The percentage bone ash was 
significantly lower. (P<.00) for birds fed diet H2 than for those fed Hi or L3. 
The differences between the percentage bone ashes of birds fed the other diets were 
not significant and there was no correlation between the effects of fat and vitamin 
D level on bone ash. 
TABLE 3 
Mean live-weights, food conversion efficiencies and percentage bone ash of chicks 
Diet 
Pooled 
Li L2 L3 	Hi H2 H3 SE 
Weight at26d(g) 345 376 349 361 402 410 13 
Food conversion efficiency 
from age 14 to 26 d 047 048 050 	049 050 052 0017 
Bone ash (%) 452 45 .3 47 .4 	:46 '7 443 45 . 7 085 
DISCUSSION 	 - 
The retention of calcium and zinc was reduced'  when fat was present in the diet, 
thus confirming the results of the previous experiment (Whitehead et al., 1970. 
Furthermore, zinc, which was present at the same dietary level in both experiments, 
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was retained to a similar extent when the diets contained either no added fat (34  
and 35%  retentions) or xo% tallow (25 and 23% retentions). 
• 	In the present experiment, the retention of calcium,. at a dietary level of o•9%, 
decreased from 56 to 49%  when io% fat was included in the diet. In theprevious 
investigation, at a dietary calcium level of i retention decreased from 38 to 
22%. However, phosphorus can also affect calcium utilisation and 0.76% phos-
phorus was present in the diets used in both experiments; therefore comparison 
of the calcium retentions at different dietary calcium levels is complicated by the 
differing calcium-phosphorus ratios. However, it is apparent that although the 
addition of fat to the diet will decrease the percentage retention of calcium, this 
decrease is less at lower dietary calcium levels. 
There were no consistently significant differences in the percentage bone ashes 
of the birds fed the different diets in the present experiment. Since the values for 
bone ash indicated that with all diets the birds were achieving a satisfactory degree 
of bone mineralisation, fat supplementation of diets containing 0.9% calcium had 
not decreased retention of this element sufficiently to cause a deficiency. 
Although fat supplementation of diets leads to reduced calcium retention, the 
present experiment shows that it is not possible to restore the percentage of calcium 
retained by supplementing the diet with vitamin D 3. Birds fed diets H2 and H3 
did grow faster than those fed diets L2 and L3. However, there was no increase in 
the percentage calcium retention when diets of similar fat content were supple-
mented with additional vitamin D 3. 
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The effect of dietary palmitic acid on body weight and bone-ash 
of chicks fed three concentrations of calcium was studied in a 2 x 3 factorial 
design (0 and 10% palmitic acid, 04, 07 and 1.0% calcium). 
Body weight of chicks at 3 weeks was not influenced by the calcium 
concentration when palmitic acid was not included in the diet. 
When 10% palmitic acid was included the body weight of chicks 
fed 04 and 07% calcium was lower (P<0-01) than for the other groups. 
Bone-ash was lower (P < 0.01) for chicks fed 04% calcium than for 
the other two calcium concentrations when palmitic acid was not added 
and palmitic acid at 10% of the diet reduced bone-ash of the chicks fed 
04 and 0.7% calcium (P<0.01). 
INTRODUCTION 
Reports on the effects of dietary fat on the calcium requirement of the chick 
are conflicting. Biely and March (1967) found that 12% saturated fat in the dietdid 
not increase the requirement and Lipstein and Bornstein (1968) reported that neither 
type nor level of supplemental oil had any effect on bone calcification. Pepper et al. 
(1953), however, reported that diets containing 5 to 10% animal fat increased the 
calcium requirement-of the chick and Whitehead et al. (1971) found that when 
fat was included in a diet at the rate of 5% the retentions of calcium, iron, magnesium 
and zinc were reduced. Retention of the elements was affected by the absorbability 
of the fat and minerals were most poorly retained when the fat was present as free 
fatty acid. Subsequently Whitehead et al. (1972) confirmed that the inclusion of 
tallow at the rate of either 5 or 10% in a broiler diet containing 0.9% calcium 
reduced the retention of that element, although not sufficiently to cause a deficiency. 
The experiment described in this paper investigated the effect on growth and bone-
ash of adding palmitic acid to chick diets containing different levels of calcium. 
MATERIALS AND METHODS 
The experiment was a 2 x 3 factorial (palmitic acid at 0 and 10%, and calcium 
calculated to be 04, 07 and 1.0% of the diet). The composition of the diets is 
1 Research done while E. E. Gardiner was on a transfer-of-work from Agriculture Canada, Research 
Station, Lethbridge, Alberta, Canada T1J 4131. 
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presented in Table 1. It was assumed that palmitic acid had negligible metabolis-
able energy value for young chicks and on this basis the diets were calculated to be 
both iso-energetic and isonitrogenous (crude protein, 19.9%). 
TABLE 1 
Composition of diets (%) 
Diet no. 
1 2 3 4 5 6 
CaCO3 100 175 250 100 175 250 
Cellulose 1150 1075 1000 150 075 000 
Palmitic acid 000 000 000 1000 1000 1000 
Common ingredients' 8858 8858 8858 8858 8858 88•58 
Dietary calcium by analysis 047 072 1•05 044 0'70 105 
1 Common ingredients in percentages were as follows: ground wheat, 600; soybean meal, 200; 
promine D, 50; K 2HP00  20; KH2PO4, 10; vitamin-mineral mix', 05; and DL-methionine, 0•084. 
2 The vitamin-mineral mixture supplied the following nutrients in amounts per kg of diet: 2000 IU 
vitamin A, 600 IU vitamin D,, 25 mg vitamin E, 13 mg menaphthone, 4 mg riboflavin, 28 mg nicotinic 
acid, 10 mg pantothenic acid, 01 mg biotin, 3-5 mg Cu, 04 mg I, 80 mg Fe, 300 mg Mg, 100 mg Mn and 
50 mg Zn. 
One-day-old male broiler chicks were wingbanded and randomly allocated to 
24 units (6 chicks/unit) in electrically heated battery brooders. The six diets were 
supplied to the units according to a radomised plan with four replicates of each diet. 
The diets and water were supplied ad libitum and live-weight and food consumption 
were measured weekly. The birds were killed at 3 weeks of age. Femurs were 
removed from 10 chicks from each treatment and percentage of ash in the dried, 
fat-free bone was determined. 
Statistical significance of difference in body weights, food conversion, and 
percentage bone-ash was established by analysis of variance and by Duncan's (1955) 
test. 
RESULTS AND DISCUSSION 
The results of the experiment are summarised in Table 2. 
Analysis of variance showed that the main dietary factors, calcium and palmitic 
acid, significantly affected body weights (P < 00l). The calcium x palmitic acid 
interaction was also significant (P <0-01). Body weight of the chicks was not in-
fluenced by the calcium content of the diet when palmitic acid was not included in 
the diet (diets 1, 2 and 3). However, feeding diets containing palmitic acid resulted 
in lower body weights for chicks fed 04 and 07% dietary calcium (diets 4 and 5). 
This agrees with the report of Biely and March (1967) that 5 to 10% dietary animal 
tallow increased the calcium requirement of the chick. 
The food conversion efficiency (FCE) was lowest for the chicks fed on diet 4 
(04% Ca and 10% palmitic acid). When the diet did not contain palmitic acid the 
FCE of the chicks fed 04% calcium (diet 1) was lower (P<00l) than it was for 
those fed 07 and 1.0% calcium (diets 2 and 3). FCE of the groups fed palmitic 
acid increased (P< 0.01) with each increase in dietary calcium (groups 4, 5 and 6). 
FCEs for chicks fed palmitic acid were lower (P <0-01) than for those without 
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TABLE 2 
Mean live-weight, food conversion, percentage bone-ash, and mortality of chicks 
Diet no. 
Calcium (%) 047 072 105 044 070 105 
Added palmitic acid (%) 00 00 00 100 100 100 
Mean live-weight at 21 d (g) 544L* 546a 554a 312c 454b 532a 
Food conversion efficiency 0442" 0.474C 0488c 0418° 0•442" 0•481" 
Mean bone-ash (%) 37.4C 40.70 39.70 28.8a 34.5b 41.00 
Mortality (%) 8 0 0 8 4 4 
* Within a row, values with different postfix letters differed significantly (P< 0.01). 
palmitic acid at each concentration of calcium except at the I% dietary calcium 
level where they did not differ. 
The percentage of bone-ash was lowest for chicks fed on diet 4 (04% Ca and 
10% palmitic acid) and differed (P<0-01) from that of all other groups. The 
percentage of bone-ash for chicks fed on diet 1 (04% Ca, 0% palmitic acid) was 
lower than it was for the other two groups fed no palmitic acid and probably indi-
cates that this diet was marginal in calcium. The percentage of bone-ash of the 
groups fed palmitic acid increased (P < 0.01) with each increase in calcium. 
Using 21 d live-weight, FCE and bone-ash percentage criteria, a dietary calcium 
concentration of 0.7% was adequate in the present experiment for optimal per-
formance in the absence of dietary fat, but the level of 04% was slightly sub-optimal. 
However, when 10% palmitic acid was included in the diets, 1% calcium was 
adequate but 07% was clearly insufficient by all the criteria. Live-weight was 
plotted against dietary calcium concentration and the straight line through the 
points for the birds fed on diets 4 and 5 was projected until it intersected the level of 
maximal 21-d live-weight. This occurred at a point equivalent to a dietary calcium 
concentration of 0-9%, suggesting that the calcium requirement of birds fed on the 
high fat diets was not less than this value. Thus the addition of 10% palmitic acid 
to the low-fat diets increased the dietary calcium requirements of the birds by at 
least 30%. This was most probably due to a decrease in the absorption or retention 
of calcium as a result of the formation of insoluble soap, because Dewar et al. (1975) 
have recently shown that calcium, fed as the stearate, is poorly retained by chicks. 
Thus the calcium requirement of the chick can be considerably affected by the 
presence in the diet of a poorly absorbed fat. 
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I. The utilisation of fat and fatty acids supplied as maize oil, tallow or 
lard in the diet of 2-, 4- and 8-week old turkeys has been investigated: a 
mixture of io% fat and 15% cellulose replaced glucose monohydrate in a 
low-fat basal diet. 
At 2 weeks of age the absorbabilities of the fats were 96, 57  and 91% 
for maize oil, tallow and lard respectively; at 4  and 8 weeks of age the 
corresponding figures were 97, 70 and 92% and 98, 74  and 90%. 
The unsaturated fatty acids (18: i, 18:2) were highly absorbed 
from all fats; this was true also of the saturated acids (16:o, i8:o) in the 
maize oil, but in lard and, especially, tallow the absorbability of these fatty 
acids was lower. 
The effect of age on the utilisation of tallow could be explained by 
the improvement in the absorption of these fatty acids. 
The determined and calculated ME values of the fats are given. 
INTRODUCTION 
The potential value of fat as an economic ingredient in turkey diets has been 
clearly demonstrated (Touchburn and Naber, 1966; Jensen et al., 1970) but there 
is little lirect information about fat absorption and the influence upon it of fatty acid 
composition. 
The metabolisable energy content of a fat is the product of its gross energy 
contenl and its absorbability. In the chick the relationship between fatty acid 
composition of intact fats and their absorbability was established by Renner and Hill 
(1960) and Young (1961). In general, oils of plant origin with high levels of un-
saturated fatty acids are more completely digested than animal fats such as lard and 
tallow which contain higher proportions of saturated fatty acids. In the chick this 
difference between fats is particularly pronounced in early growth but diminishes 
with age. 
A similar effect of age on fat utilisation in the turkey has been shown by Salmon 
(1969). However, the results ofJoshi and Sell (1964), which show animal tallow to 
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be absorbed as well as vegetable oils during the first 6 weeks of growth in turkeys, 
contrasts with results with the chicken. A further study has therefore been made of 
fat utilisation in the young turkey and the effects of fatty acid composition and age 
have been investigated. 
MATERIALS AND METHODS 
Diets 
The compositions of the experimental diets are given in Table I. Diet A was a 
low-fat reference diet, containing adequate essential fatty acids. Diets B, C and D 
TABLE I 
Composition of experimental diets 
Diet (parts by weight) 
Ingredient 	 A B 	C D 
Common ingredients' 	7425 7425 7425 7425 
Maize oil 	 075 I075 	075 075 
Tallow ... ... 	 soo 
Lard 	 ... ... 	 ... ioo 
Dextrose monohydrate 	250 
Cellulose 	
... 
15 	55 15 
Wheat, 95; soybean meal (44%  CP),  590;  dicalcium phosphate, 35; limestone, o6; DL-methlonme, 
0.15; salt, o; vitamin and mineral supplement, i0. 
were derived from it by adding io% of maize oil, beef tallow or lard respectively in 
place of 25% dextrose. 15% Cepo S 40 cellulose (Bayer, Glasgow) was added to the 
fat diets. It was assumed to be inert and on this basis all four diets were isonitro-
genous and isoenergetic. The fats were obtained from food distributors and their 
fatty acid compositions are given in Table 2. The diets were fed in mash form. 
TABLE 2 
The fatty acid composition of the maize oil, tallow and lard used in the experiment 
Fatty acid composition (%) 
Fat i6:o z6:, 18:o 	18:1 18:2 	18:3 
Maize oil I22 05 07 247 6o 
Tallow 354 27 365 	245 09 
Lard 287 2I I96 409 87 
Husbandry 
Seventy-two i-d-old Broad Breasted White poults of both sexes were weighed, 
wing-banded and allocated at random to 24 cages (floor area 022 m2 per cage), 
three birds per cage. The cages were arranged in groups of four and a dull-emitter 
brooder lamp was suspended above each group. The experimental diets were each 
supplied ad libitum to six cages. Live-weights and food consumptions were measured 
weekly. During balance periods, from II to 14 d and 25 to 28 d of age, food intake 
was measured and droppings were collected quantitatively. After the second 
balance eight poults from each group, chosen at random, were transferred to single-
bird cages equipped with individual food and water troughs. They were fed on the 
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same diets as before and their live-weights and food consumption were recorded 
weekly. From 53  to 56 d of age there was a third balance period, after which the 
experiment was ended. 
Analyses 
Droppings were oven-dried at ioo °C and then ground. Their fat content was 
determined by the following method. A sample (2 g) was mixed with concentrated 
hydrochloric acid (r ml) and water (2 ml) and allowed to stand for 30 mm. The 
mixture was then extracted with chloroform-methanol (2-I, v/v), using a Polytron 
homogeniser, according to the method of Foich et al. (1957). The calorific values of 
diets and droppings were determined using an adiabatic bomb calorimeter. 
Methyl esters of fatty acids were prepared by refluxing in methanolic 4% 
hydrogen chloride for 4  h in the presence of a trace of butylated hydroxytoluene. 
The proportions of fatty acids were determined by gas-liquid chromatography on a 
column of i (w/w) polyethylene-glycol adipate on Chromosorb W (100-120 mesh, 
acid-washed and silanised) at i 8o °C using a flame ionisation detector. Peak areas 
were calculated with the aid of a "Disc" integrator. 
Calculations 
Fat absorbability was calculated using the formulae quoted by Young (1961), 
save that the digestibility of a diet was determined from the ratio of dried droppings 
to dry food during the balance periods rather than with the aid of an internal 
marker. By use of these formulae the absorbability of individual fatty acids is 
corrected for the absorbability of the fat in the low-fat reference diet and for endo-
genous fat. 
The metabolisable energy values for the three fats were calculated by assuming 
that dextrose monohydrate and cellulose had ME values of 13-85  and o MJ/kg. 
Corrections for N-retention were not made. ME values were also calculated from the 
gross energies and digestibilities of the fats. 
RESULTS AND DISCUSSION 
The live-weights and food conversion efficiencies of the poults are given in 
Table 3. At 2 and 4  weeks there were no significant differences in live-weight 
between poults fed on the different fats, although birds fed on control diet A were 
TABLE 3 
Live-weights andfood conversion efficiencies (FCE) of poults at 2, 4 and 8 weeks 
Dietary fat 	 Live-weight (kg) 	 FCE 
2 weeks 	4 weeks 	8 weeks' 	o-a weeks 	2-4 weeks 	4-8 weeks 
None 	 0-300a*0.7471 2.541 	0.746ac 	0.571 1 0.5151 
Maize oil 	 0.259b 	o.695b 	256 0.730ab 0.5681 	0.521 1 
Tallow 0.261b 0.705b 2.79b 	0.714b 	0.5521 0.5101 
Lard 	 0.267b 	0.716b 	2.668b 0.7750 0559° 	0.5181 
Standard error 	ooio oozo oo86 	0012 	 oo16 0027 
1 Mean of male and female mean weights. 
* Within a column, values with the same superscript are not significantly different (P> 0.05). 
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significantly heavier (P < 005). At 8 weeks, however, poults fed on the tallow diet 
were significantly heavier than those fed on the maize oil or low-fat diets. Food 
conversion efficiency at 2 weeks was significantly poorer (P < 005) for poults fed on 
the tallow diet but there were no significant differences at 4  or 8 weeks. 
The absorbabilities of the three fats and of their constituent fatty acids are given 
in Table 4.  Maize oil was readily absorbed by 2-week-old poults, to the extent of 
TABLE 4 
The absorbability and metabolisable energy offats and fatty acids by poults of different  ages 
Absorbability of fatty acids (%)' 	Metabolisable energy (MJ/kg) 
Age Absorbability 
Fat 	(weeks) (%) :0 0 18: , 18: 2 determined  calculated3 
2 957 900 ... 954 95. 4042 3783 
Maize oil 	4 97.0 93 .4 97 983 4259 3837 
8 978 962 ... 1019 973 4531 3866 
2 573 273 267 927 ... 3046 2205 
Tallow 	4 70 .0 508 489 939 ... 3209 2694 
8 735 625 552 949 ... 3360 2828 
2 91 *4 849 83•0 97 .9 962 42.30 3640 
Lard 	4 922 865 834 965 96- 1 4096 3669 
8 902 862 805 962 957 3820 3594 
IL Corrected for absorbability of fat in basal ingredients and for endogenous fat. 
2 Determined on basis of measured energy values of diets and droppings. 
Calculated on basis of measured gross energy value of the fat and its determined absorbability. 
96%, and its absorbability remained at this level at 4  and 8 weeks. This is very 
similar to the figure found in the chick by Renner and Hill (1960). Lard was also 
absorbed equally well by poults at all ages and its absorbability, 91%, was the same 
as that reported for the chick. The absorbability of tallow was low, 57%,  in 2-week-
old poults but it improved to 70 and 735%  at  4  and 8 weeks respectively. A similar 
increase in absorbability of tallow with age has been found in chicks: Renner and 
Hill (I 96o) found that the absorbability of beef tallow was 70% by 2-week-old chicks, 
rising to 82% at 8 weeks. Young (1961) obtained slightly lower values for the 
absorbability of tallow by the chick, viz. 72 and 76% at 4  and 8 weeks respectively. 
These values are very similar to the values obtained in the present study for turkeys 
of similar age. This increase in absorbability of tallow presumably accounts for the 
improved performance of older poults fed on diet C. 
The data for the absorbability of the individual fatty acids show that the un-
saturated fatty acids in all three fats were readily absorbed at all ages. However, the 
saturated fatty acids were less well absorbed, particularly in the case of lard and 
tallow, and a considerable increase in the absorbability of these fatty acids accounted 
for the observed age effect on the absorbability of tallow. 
It is thus concluded that the absorbabilities of fats and fatty acids in poults of 
different ages are comparable with those in chicks of corresponding age. 
The metabolisable energy data, given in Table 4,  for the fats were calculated 
on the basis of (a) the determined energy values of diets and droppings and (b) the 
gross energy value of the fat and its absorbability. The determined values were all 
consistently higher than those calculated, and in some cases were higher than the 
theoretical gross energy values of the fats. There are two possible explanations of 
FATS FOR TURKEYS 	 - 	- 	485 	- 
this observation One is that fat has a -synergistic effect on the metabolisable energy 
value of the diet. Alternatively, the cellulose used as an inert filler in the fat diets 
may have been partly digested by the turkeys. In the latter event, the mean dis-
crepancy between the determined and calculated energy values of the fats could be 
accounted for by assuming an ME for the cellulose of 324 MJ/kg. Cellulose is not 
believed to be digested by the turkey; however, it is possible that the purification 
used in the preparation of Cepo S 40 renders it partly available to the animal. 
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Lmoleic Acid Contents of Some British Poultry Foods 
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Foods used for poultry feeding in the United Kingdom were analysed for their 
linoleic acid contents and the results are reported. 
1. Introduction 
Linoleic acid is an essential fatty acid (e.f.a.) and therefore an important constituent 
of poultry diets. Recent investigations' -3  have suggested that the supplementation of 
diets of laying hens with linoleic acid at levels well above those necessary to prevent 
e.f.a. deficiency results in a significant increase in egg size. Although the optimum 
dietary linoleic acid levels during pre-laying-and laying periods have yet to be satis-
factorily established, it will be necessary in future to be able to formulate diets of given 
linoleic acid content. Unfortunately, data on the linoleic acid content of the more 
commonly used poultry food ingredients in the United Kingdom are not readily 
available. 
The fatty acid compositions of oil extracts from many classes of feed ingredients 
are well documented. 4 Less certain are the total fatty acid contents of these substances. 
The traditional method for the determination of oil or fat content, namely simple 
solvent extraction using diethyl ether or light petroleum, is unsatisfactory for several 
-reasons: the extracted compounds do not consist entirely of fatty acids; poor solubility 
prevents the extraction of some fatty acid-containing lipids; fatty acids involved in 
lipoprotein complexes are not dissolved. However, where a large proportion of the 
fatty acids are present as triglycerides, as in maize, simple solvent extraction may give 
quite accurate results. - - 
Multisolvent extraction systems are widely used to extract lipids. Water-saturated 
n-butanol 5 or ethanol—diethyl ether—water' have been reported to extract lipids effici-
ently. One of the most efficient lipid extraction systems is a mixture of chloroform—
methanol (2: l) and an improved technique for food analysis using this solvent system, 
followed by extraction of the residue with methanolic hydrogen chloride, has been 
described.' 
In the present investigation the linoleic acid contents of some of the poultry feed 
ingredients more commonly used in the United Kingdom were determined. Two 
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2. Experimental 
Representative samples of the foods were subsampled and prepared for analysis accord-
ing to the Fertilisers and Feedstuffs Regulations. 9 After samples had been ground to a 
fine flour they were analysed by one or other of two methods, A or B. 
2.1. Method A (hydrolytic procedure) 
This method was adapted from the procedure of Wren and Wojtczak 1° for the isolation 
of"hydrolysate lipids". The flour (20g) was added with swirling to a flask (2 1) containing 
3 N-hydrochloric acid (11), sodium dodecylbenzenesulphonate (0.1 g) and pyrogallol 
(0.1 g). The solution was heated under reflux for 10 h. When the solution had cooled 
to about 70 °C, chloroform (200 ml) was added and allowed to boil vigorously in order 
to wash down lipids which had collected in the condenser. The chloroform extract was 
removed using a separatory funnel and the aqueous solution was re-extracted with 
chloroform (2 x 200 ml). The chloroform extracts were combined, dried over anhy-
drous sodium sulphate and, after filtration, concentrated to a syrup. Since this extract 
was found to contain material of non-lipid origin which possessed acidic characteristics, 
presumably breakdown products of proteins and carbohydrates, the syrup was re-
extracted with warm (60 °C) heptane (2 x 100 ml); this dissolved all the fatty acids 
but little of the contaminating residue. The heptane extracts were combined and 
concentrated to dryness. 
2.2. Method B (double extraction) 
This method was similar to the one described by Lough, Navia and Harris.' The 
flour (50 g) was added to a flask containing chloroform (600 ml) and methanol (300 ml) 
and the mixture was heated under reflux for 2 h. The cooled mixture was filtered and 
filtrate was concentrated to a small volume. The insoluble residue was then heated 
under reflux for 2 h with methanolic 5 % hydrogen chloride (11). After cooling, the 
mixture was filtered and the residue was washed with methanol. The filtrate was 
transferred to a separatory funnel, to which water and diethyl ether were added until 
2 phases formed. The ethereal layer was removed and the aqueous layer was re-extracted 
twice with ether. The combined ethereal extracts were then concentrated. 
The two extracts were combined and heated for 3 h under reflux with potassium 
hydroxide (3 g) in ethanol (50 ml). The solution was concentrated to 25 ml and then 
diluted with water (50 ml). This solution was continuously extracted for 18 h with 
diethyl ether in a liquid—liquid extractor. The ethereal extract, containing non-
saponifiable material was discarded; the aqueous solution, after acidification with 
40% sulphuric acid (10 ml), was re-extracted with diethyl ether. This ethereal extract 
was washed free from mineral acid with water and, after drying over anhydrous 
sodium sulphate, was filtered and evaporated to dryness. 
2.3. Determination of fatty acids 
The fatty acid content of the extracts obtained by either method, A or B, was deter- 
mined by one of two procedures. A known weight of reagent grade margaric acid 
(98% minimum) was added to the extract and fatty acids were converted to their 
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methyl esters. From the proportions of the individual fatty acids relative to margaric 
acid, determined by gas—liquid chromatography (g.l.c.), the weights of each acid were 
calculated. 
When samples were found to contain a component with retention time similar to 
margaric acid, an alternative procedure was used. The fatty acids in a small portion of 
the extract (about 3 mg) were converted to their methyl esters and their relative propor-
tions were determined by g.l.c. A known weight of reagent grade palmitic acid (98% 
minimum) was then dissolved in the extract and the relative proportions of the fatty 
acids were redetermined. From the increase in the relative proportion of palmitic 
acid the weights of the individual fatty acids in the original extract were calculated. 
Methyl esters were prepared by refluxing fatty acids (3 mg) in methanolic 4% hydro-
gen chloride (5 ml) for 4 h in the presence of a trace of butylated hydroxytoluene. The 
solution was neutralised with silver carbonate, filtered and concentrated. 
G.l.c. was carried out on a column (1.5 in x 2 mm i.d.) of 5% by weight of diethyl-
ene glycol succinate on 80/100 Chromosorb W at 150 °C using a flame ionisation detec-
tor. Peak areas were calculated with the aid of a "Disc" integrator fitted to the recorder. 
3. Results and discussion 
The results from subsamples of different foods, with standard errors of the means and 
the coefficients of variation, are set out in Table 1. A comparison of the two methods of 
extraction showed that both gave similar results for the fatty acid contents of the same 
foods. 
TABLE 1. Reproducibility of results (% by weight of linoleic acid in wet sample) 
No. of Coefficient 
- deter- SE. of of varia- 
Food Method minations Range Mean mean tion (%) 
Barley A 6 0.85-1.03 0.93 0.029 7.36 
B 4 0.87-1.10 0.96 0.049 10.20 
Maize A 5 2.10-2.27 2.16 0.027 2.78 
B 5 2.06-2.26 2.11 0.038 4.02 
Dried poultry manure A 4 0.81-0.88 0.84 0.016 3.70 
B 4 0.83-1.02 0.86 0.021 4.88 
The results of the survey ; presented in Table 2, show that there were considerable 
differences between the foods in linoleic acid content. By far the richest source was 
maize germ with 12.75%, on a weight basis, but other good sources included maize, 
maize gluten, wheat germ, poultry feather, offal and blood meal and distillers' grain 
solubles. There was little linoleic acid in meat and bone meal, oat hulls and fish meal. 
Samples of foods of different origins were analysed. Little difference was found 
between the linoleic acid contents of different varieties and qualities of home grown 
oats, wheat or barley. Field beans contained similar amounts of linoleic acid whether 
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fat; thus the composition of feather offal and blood meal is to a certain extent dependent 
on the diet of the birds from which it is derived. However, the linoleic acid contents of 
meal samples obtained from three factories were similar, suggesting that the value 
quoted in Table 2 is representative. 
TABLE 2. Linoleic acid contents of foods 
Linoleic 
Fatty acids' 	acid' 
Food 	 Origin 	 Method 	(%) 	(%) 
Barley Home grown AB 1.65 0.94 
Barley, naked Home grown A 2.80 1.42 
Distillers' grain solubles Home produced A 8.72 4.07 
Maize, yellow Imported AB 3.52 2.14 
Maize, yellow Home grown B 3.35 2.08 
Maize, flaked Imported B 3.18 1.80 
Maize germ Imported B 20.43 12.75 
Maize gluten meal Imported B 6.04 3.60 
Milo Imported A 2.85 1.03 
Oats Home grown A 3.52 1.22 
Oat hulls Home grown A 0.17 0.02 
Wheat Home grown A 1.63 0.83 
Wheatfeed Home grown A 2.96 1.67 
Wheat germ Imported A 4.31 2.35 
Field bean Home grown B 1.30 0.70 
Groundnut Imported B 8.98 1.97 
Groundnut cake Imported B 6.74 1.62 
Linseed cake Imported B 5.59 0.98 
Soya bean, 44% c.p' Imported B 1.15 0.59 
Sunflower seed Imported B 2.30 1.41 
Dried poultry manure Home produced AB 1.90 0.85 
Fish meal Home produced A 4.60 0.06 
Meat and bone meal Home produced A 2.23 0.04 
Dried skimmed milk Home produced A 18.2 - 	 0.28 
Poultry feather, offal and blood 
meal Home produced A 19.1 2.30 
Yeast, B.P. Home produced A 8.10 1.85 
Yeast, brewers' Home produced A 7.05 0.09 
a % of wet sample on weight basis. 
b Crude protein. 
Although the results obtained in the survey indicate the amounts of linoleic acid 
present in the individual constituents of poultry rations, there is no indication of the 
relative availabilities of the acid in the different foods. 
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An experiment was carried out to investigate the levels of linoleic acid required in 
practical rearing and laying diets to achieve maximum egg size and output. In a 
2 x 4 x 4 factorial experiment two strains of hybrid layer (Thornber 808 and 909) 
were given four levels of linoleic acid (0.8, 1.3, 1.8 and 2.3%) during the rearing 
(0 to 18 weeks) and laying (21 to 73 weeks) stages. The increased levels of linoleic 
acid were achieved by replacing olive oil by safflower oil and the diets used were 
therefore isocaloric, isonitrogenous and contained the same amount of unsaturated 
fat. Increasing the level of linoleic acid in the rearing diet above 0.8 % produced a 
variable response in 18-week weight. Rearing diet did not significantly affect 
subsequent egg production, egg output or food intake. Egg weight was affected by 
rearing diet but the effects were inconsistent. Level of linoleic acid in the laying diet 
did not significantly affect egg size, egg production, food intake or final body 
weight. It is concluded that linoleic acid, in excess of the essential fatty acid 
requirement for normal body functioning, is not specifically required for 
maximum egg size. 
1. Introduction 
Linoleic acid is an essential dietary constituent for the fowl. A requirement of 8 g kg of 
diet has been estimated' for normal development of chicks. The adult hen's require- 
ment is complicated by its ability to store linoleate in adipose tissue. However, working 
with linoleic acid-depleted hens Mengel and Balnave and Brown' have found a require- 
ment of 10  of linoheate/kg for maximum hatchability and egg production. By studying 
the turnover of linoleic acid in the hen, Balnave 4 calculated the daily requirement tobe 
about 0.9 g. 
Jensen et al. 5 were first to show that the addition of maize oil to a layer's diet resulted 
in an increase in egg size. The same group of workers 6' confirmed the observation and 
found that other vegetable oils (all containing high concentrations of linoleic acid) 
included at levels up to 5 % had the same effect. In contrast, fish oil was observed to 
depress egg size and the nature of the response to tallow was uncertain. 
It has been suggested' , I that the increase in egg weight was a response to the extra 
energy supplied by the supplemental fat. However, Edwards and Morris' 0 and Mengel 
553 
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in experiments with isocaloric diets found that egg size was increased when the diets con-
tained maize oil. By replacing maize starch isocalorically with maize oil, Balnave4' ' 
confirmed that although egg number improved when rations were supplemented with 
starch, egg size was superior with rations supplemented with maize oil. 
The major fatty acid present in the vegetable oils investigated is linoleic acid and 
linoleic acid itself has been shown" to increase egg size. Most authors have therefore 
discussed the response of egg size to oil supplementation in terms of a response to 
linoleic acid and as a result it has been concluded 13  that the hen has more than one level 
of requirement for linoleic acid; 0.8 to 1.0 per cent for normal health and reproduction; 
2.0 to 2.5 per cent for maximum egg size. 2 ' 6 It has not however been demonstrated that 
the observed increase in egg size after oil supplementation of a layer's diet is a unique 
response to linoleic acid, rather than a response to fat in general or perhaps more 
specifically to unsaturated fat. 
The object of the present experiment was to determine whether linoleic acid in excess 
of the essential fatty acid (e.f.a.) requirement (0.8 to 1.07. linoleic acid) does have a 
specific effect on egg size and to specify the dietary levels of linoleic acid during the rear-
ing and laying stages which will give maximum egg size. 
2. Experimental 
The experiment was designed as a 2 x 4 x 4 factorial in which two strains of layer were 
given four dietary levels of linoleic acid during the rearing (0 to 21 weeks) and laying 
(21 to 73 weeks) stages. The low linoleic basal diet was formulated using wheat and soya 
bean as the major ingredients. The experimental diets were derived from the basal diet 
by the addition of a constant level of olive and/or safflower oil, oils chosen because of 
their similar total concentrations of oleic and linoleic acids. When the olive oil, which 
contained 80% oleic and 8 % linoleic acid, was used as the sole fat supplement a total 
dietary linoleic acid level of 8 g per kg diet was achieved. This is similar to the e.f.a. 
requirement for chicks' and laying hens.' By progressively substituting safflower oil 
(19% oleic acid, 72% linoleic acid) for olive oil three other diets with linoleate contents 
of 13, 18 and 23 g/kg were obtained. All treatments were therefore isocaloric and iso-
nitrogenous, had similar levels of total and unsaturated fat and differed only in oleic/ 
linoleic acid ratio. The compositions of the diets are given in Tables 1 and 2. The linoleic 
acid contents of the diets (Table 3) were determined by the method A of Whitehead.' 4 
The two strains of bird used were Thornber 808, light-bodyweight white-egg layers 
and Thornber 909 medium-bodyweight brown-egg layers. 960 1-day-old female chicks 
of each strain were placed in 48 floor pens of size 3.72 m 2, 40 chicks of one strain per pen. 
Six pens of each strain were assigned at random to one of the four rearing treatments. 
During the 18-week rearing period, starting diets ito 4 were replaced after 6 weeks by 
growing diets 5 to 9, respectively, to accommodate the decreased requirement for pro-
tein with age. Food and water were freely available and growth rate and food consump-
tion were measured at 18 weeks. Twenty-four birds from each pen, selected at random, 
were transferred to single bird battery cage units equipped with individual feeding 
troughs and communal drinkers. Between 18 and 21 weeks of age the birds were main-
tained on their respective growing diets supplemented with limestone flour. At 21 weeks 
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TABLE 1. Composition of basal diets (percentage by weight) 
Rearing stage 	 Laying stage 
Starter diets (1 to 4) Grower diets (5 to 8) Layer diets (9 to 12) 
(0 to 6 weeks) 	(7 to 18 weeks) 	(12 to 73 weeks) 
Soya bean meal 28.00 18.0 18.50 
Ground wheat 65.64 75.69 70.28 
L-Lysine 0.20 0.25 - 
DL-Methionine 0.20 0.10 0.10 
Oil' 2.46 2.46 2.46 
Ground limestone 0.75 0.75 6.00 
Dicalcium phosphate 2.00 2.00 2.00 
NaC1 0.50 0.50 0.50 
Vitamins and trace minerals' 0.25 0.25 0.25 
Calculated analysis 
Metabolisable energy (kcal/g) 2.94 2.99 2.75 
Crude protein (g/kg) 196 158 147 
See Table 2. 
Colborn 101P-rearer stage; Colborn 100-layer stage. 
TABLE 2. Fat composition of diets (percentage by weight) 
Diet 	 1,5,9 	2,6,10 	3,7,11 	4,8,12 
Olive oil 	 2.46 1.64 0.82 0 
Safflower oil 	 0 	0.82 	1.64 	2.46 
TABLE 3. Determined linoleic acid content of rearer and layer diets 
	
- 	(percentage by weight) 
Linoleic acid 	 Linoleic acid 	 Linoleic acid 
Diet 	content Diet 	content Diet 	content 
1 	 0.80 	 5 	 0.83 	 9 	 0.80 
2 1.21 6 1.33 10 1.24 
3 	 1.68 	 7 	 1.80 	 11 	 1.83 
4 2.19 8 2.31 12 2.34 
of age equal numbers of both strains from each rearing treatment were assigned to each 
of the four laying treatments, diets 9 to 12, to give a total of 288 pullets per laying treat-
ment. From 21 weeks of age egg production was recorded daily, all eggs laid on 2 days 
per week were weighed individually and food consumption was recorded on a 28-day 
basis. Recording was continued for 52 weeks. 
3. Results 
3.1. Rearing stage 
Mean liveweight, food intake and food conversion efficiency at 18 weeks are shown in 
Table 4. Live weight at 18 weeks was significantly affected by strain and dietary treat- 
TABLE 4. Mean liveweight, food intake and food conversion efficiency at 18 weeks of age 
Strain 1/5 
Rearer diets 






Strain 	Diet 	S x D 
808 1214 1257 1256 1239 1242 41.0 
Liveweight at 18 weeks (g) 909 1617 1671 1629 1612 1632 41.0 "'"'' 	 * 	NS 
M 1416 1464 1443 1425 29.0 
808 6.37 6.21 6.61 6.28 6.37 0.28 
Food intake (kg) per bird (Otol8weeks) 909 6.87 7.25 6.98 6.79 6.97 0.28 "'" 	NS 	** 
M 6.62 6.73 6.80 6.53 0.20 
808 0.191 0.203 0.190 0.198 0,195 0.007 
Food conversion efficiency (Otol8weeks) 909 0.236 0.231 0.234 0.237 0.234 0.007 '" 	NS 	* 
M 0.213 0.217 0.212 0.218 0.005 
808 = Thornber 808, 909 = Thornber 909 and M = mean of 808 and 909. 
NS, Not significant; ', P 	0.05; ', P 	0.01; ''', P 	0.001. 
TABLES. Residual effects of rearing treatments on egg production, egg weight and food intake (21 to 73 weeks) 
Strain I and 5 
Rearer diets 
2 and 6 	3 and 7 4 and 8 
L.S.D. 
(P = 0.05) 
Significance of 
dietary treatment 
808 258.1 258.0 256.1 256.6 
Mean egg number 909 233.6 225.7 231.0 229.3 8.8 
M 245.9 241.9 243.5 242.9 6.2 NS 
808 57.3 58.3 57.6 57.9 
Mean egg weight (g) 909 58.6' 59.0 58.8 57.8 0.78 
M 58.0 58.6 58.2 57.8 055 * 
808 40.8 41.3 40.6 40.8 
Estimated total weight of eggs produced (g/bird /day) 909 37.5 36.5 37.1 36.2 j 	1.39 
M 39.2 38.9 38.8 38.5 1.00 NS 
808 102.3 103.6 103.9 102.2 312 
Food intake (g/hird/day) 909 112.0 112.1 111.0 112.6 
M 107.2 107.8 107.5 107.4 2.21 NS 
808 171 169 172 172 2 Age at first egg (day) 909 170 169 171 171 
M 171 169 171 171 1.4 * 
"See Table 4. 
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ment. As expected, the medium-hybrid was considerably heavier (390 g) at 18 weeks than 
the light hybrid. Although there were significant differences in live weight due to dietary 
treatments these were not consistent. Food intake to 18 weeks of age was significantly 
(P < 0.001) greater for the medium hybrid. Dietary level of linoleic acid did not signifi-
cantly affect food intake but a significant interaction between diet and strain was 
observed. Food conversion efficiency was better for the medium hybrid than for the light 
hybrid and was not significantly affected by dietary treatment. 
3.2. Residual effects of rearing treatments 
The residual effects of the rearing treatments on egg production and food intake during 
the laying stage are shown in Table 5. Mortality during the laying stage was 5.0% and 
was unaffected by dietary treatment. In the statistical analysis of the observations made 
during the laying stage, data missing because of mortality were replaced by calculated 
values. The number of eggs produced was not significantly affected by dietary level of 
linoleic acid during the rearing stage. Although mean egg weight (the mean of individual 
birds' mean egg weights) was significantly affected by rearing treatment the differences 
observed were not correlated with dietary linoleic acid level. When averaged over both 
strains, birds given the rearing diet containing 1.3% linoleic acid laid eggs which were 
significantly heavier than those from birds given any of the other diets. Estimated total 
weight of egg produced, calculated as the product of egg number and mean egg weight, 
was not significantly affected by rearing treatment. Food intake during the laying stage 
was similarly not affected by the level of linoleic acid in the rearing diets. The effect of 
rearing diet linoleic acid level on sexual maturity was analysed; age at first egg was 
significantly lower by 2 days, for birds reared on diets containing 1.3% linoleic acid than 
for any of the other treatments. 
3.3. Laying stage 
The effects of level of linoleic acid in the laying diet on egg production, mean egg weight 
and food intake are shown in Table 6. Egg production was not significantly (F> 0.05) 
affected by dietary linoleic acid level. The light body-weight hybrid laid significantly 
more eggs than the medium hybrid; the mean difference was 27 eggs. Similarly mean egg 
weight was not significantly affected by dietary linoleate level. Eggs from birds given the 
two highest levels of linoleic acid were 0.4 g heavier than those from birds given the con-
trol diet but this difference was not large enough to be significant at the 5 Y. level of 
probability. Estimated weight of egg produced was about 10% greater for the light 
hybrid but was not significantly affected by level of linoleic acid. Food intake was lower 
and food conversion efficiency was better for the light hybrid but neither was 
significantly affected by laying diet. Final body weight was not significantly affected by 
laying diet; on average the 808's gained 425 g from 18 to 73 weeks whilst the 909's gained 
642 g. 
4. Discussion 
A number of factors have been shown to affect egg size. Amongst these are protein and 
amino acid intake, energy intake and in some circumstances the level of dietary fat. It is 
TABLE 6. Mean egg production, egg weight, food intake, food conversion efficiency and final bodyweight as affected by layer diet (21 to 73 weeks) 
Layer diets Strain L.S.D. Significance 
Strain 9 10 11 12 mean (P=0.05) Diet Strain 
808 258.1 254.0 256.6 260.2 257.2 
8.8 Mean egg number 909 233.0 230.2 228.3 228.2 229.8 J 
M 245.5 242.1 242.4 244.2 6.2 NS 
808 57.5 57.7 57.7 58.1 57.7 
078 Mean egg weight (g) 909 58.5 58.1 59.0 58.7 58.6 5 
M 58.0 57.9 58.4 58.4 58.2 0.55 NS 
Estimated weight of egg produced 808 40.8 40.2 40.8 41.6 40.9 1 
(g/bird/day) 909 37.2 36.5 36.9 36.7 36.8 139 .1 
M 39.0 38.4 38.9 39.1 1.0 NS 
808 104.1 103.2 101.4 103.4 1010 1 
Food intake (g/bird/day) 909 111.8 112.6 112.5 110.8 111.9 3.1 
M 107.9 107.9 107.0 107.1 2.2 NS 
808 0.393 0.390 0.402 0.403 0.397 
. 
Food conversion efficiency 909 0.337 0.327 0.330 0.333 0.332 0.014 5 
M 0.365 0.358 0.366 0.368 0.364 0.010 NS 
808 1682 1685 1641 1659 1667 
Final body weight (g) 909 2266 2277 2305 2254 2275 5 
*1* 
M 1974 1981 1973 1956 54.6 NS 
See Table 4. 
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fully accepted that the laying hen has a need for linoleic acid to meet its e.f.a. require-
ment. What is in question is whether in addition to this e.f.a. requirement, linoleic acid 
is specifically required to achieve maximum egg size. 
In the present experiment dietary linoleic acid was increased at the expense of oleic 
acid and if linoleate is specifically required for maximum egg size, egg weight should 
have increased with increasing linoleic acid level. Increasing the level of linoleate above 
0.8% did not significantly affect egg weight. This was true whether the birds had been 
reared on diets containing as low a level of linoleate as 0.8% or as high a level as 2.3%. 
Shutze, Jensen and McGinnis' suggested that maize oil supplementation was par-
ticularly effective during the early months of lay. An analysis of the results for the first 
six 28 day periods showed no significant effect of linoleic acid on egg size. Egg production 
and food intake were similarly unaffected by linoleic acid level and it is therefore appa-
rent that the low level of linoleate in the basal diet was not counteracted by an increase 
in food intake. Furthermore egg production was at a high level (about 70% for 808 and 
63 Y. for 909) and should have been conducive to obtaining a response to linoleate. 
On the basis of these results it is concluded that linoleic acid in excess of the e.f.a. 
requirement is not specifically required for maximum egg size. That vegetable oils rich 
in linoleic acid have most frequently given responses in egg size does not prove that un-
saturated fats rich in other fatty acids such as oleic acid might not also have given 
responses. Shutze, Jensen and McGinnis' 5 tried to identify the factor in maize oil respon-
sible for maximum egg size by bubbling oxygen for 4 days through oil held at 75 °C. 
They showed that the factor was inactivated by this treatment, but egg production and 
hatchability were also depressed and it is doubtful if all these effects can be attributed to 
the destruction of linoleic acid in the oil. 
There has been speculation about the mechanism by which vegetable oils affect egg 
size. Bray 16  suggested that the rate of lipid deposition in the growing follicle is acceler-
ated by the abundance of preformed fatty acids absorbed from the gut. If this is the case 
then it might be expected that any fat rich in the fatty acids normally found in egg yolk 
would enhance egg size. Suggestions' 7 that the linoleic acid level should be as high as 
2.5% to obtain maximum egg size seem to be unjustified, but the possibility that the 
bird requires some unspecified levels of certain fatty acids is not ruled out. 
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Four diets containing different amounts of vegetable oil and linoleic 
acid were fed to White Leghorn hens throughout a full laying year. 
Egg weight was poor with the low fat basal diet but increased in 
relation to the amounts of maize oil (4 and 30 g/kg) included in the diet. 
With a diet containing 30 g olive oil/kg, egg weight was similar to 
that obtained with the diet containing the same amount of maize oil. 
Rearing the birds on diets containing low or moderate amounts of 
linoleic acid did not affect the response to fatty acid content of the layer's 
diet. 
It is concluded that the requirement of the laying hen for linoleic 
acid is not higher than 9 g/kg but that egg weight does respond to higher 
dietary amounts of readily absorbable fatty acids. 
INTRODUCTION 
Egg weight of laying hens can be influenced by several aspects of nutrition, one 
of which is dietary fat content. Addition of up to 50 g/kg of vegetable oils such as 
maize oil to layer diets has been found to increase egg weight (Jensen et al., 1958) and 
the effect has been attributed to a specific property of the oil, rather than to its 
energy content, since replacement of oil by starch to provide the same amount of 
energy has depressed egg size (Balnave, 1972). The effect has been observed most 
consistently with vegetable oils and has been attributed to their high linoleic acid 
content (Shutze et al., 1959, 1962). On the basis of this evidence, it has been frequent 
commercial practice to increase the linoleic acid content of layer diets to concen-
trations more than 9 9/kg which is the requirement for body maintenance (Balnave, 
1971). However Shannon and Whitehead (1974) fed hens on diets that were identi-
cal except for differing ratios of safflower to olive oil and did not observe any effect 
on egg size of dietary linoleic acid contents ranging from 8 to 23 g/kg. 
The purpose of the present experiment was to obtain further information on the 
525 
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relationships between dietary fat content and fatty acid composition and egg weight 
and to establish whether dietary concentrations of linoleic acid greater than the 
normal physiological requirement have a specific effect on egg weight. 
MATERIALS AND METHODS 
Diets 
The experiment was designed as a factorial, with two rearing treatments and 
four laying treatments. The first rearing treatment involved feeding diets 1 and 3 
during 0 to 8 and 8 to 20 weeks respectively. These diets were based on wheat and 
soyabean meal in order to provide, during different stages of rearing, as little linoleic 
acid (6 g/kg) as could be achieved using commonly-available ingredients. The 
second rearing treatment involved diets 2 and 4 based on maize in order to provide a 
more generous amount of linoleic acid (12 to 15 g/kg). The compositions of these 
diets are shown in Table 1. 
The four layer diets (Table 1) were formulated to contain differing concen-
trations of fat and linoleic acid. The low fat diet (5) was based on wheat and soya-
bean meal and was of low linoleic acid (6.5 g/kg) and fat (25 g/kg) content. Diet 6 
contained a small supplement of maize oil (4 g/kg) to bring the total amount of 
linoleic acid (9 g/kg) nearer to the estimated physiological requirement. Diet 7 
contained a larger supplement (30 g/kg) of olive oil, thus giving it the same total 
concentration of linoleic acid as diet 6. The olive oil was replaced by maize oil in 
diet 8 which was thus of the same fat content as diet 7 but which contained much 
more linoleic acid (23 g/kg). 
The laying diets were calculated to be adequate in all known nutrients other 
than fat and were of the same nitrogen and energy contents, the latter being con-
firmed by measurements of true metabolisable energy content (Table 1). 
Management 
Three thousand White Leghorn hens (Nick Chick, H & N Inc.) were reared 
from 1 d old to 8 weeks of age in 48 floor pens (372 m 2) containing a deep litter of 
wood shavings. They were then transferred to cages and reared in groups of 24 until 
20 weeks of age. At this time the birds were re-accommodated two per cage in 
1248 laying cages (0.13 m 2) equipped with individual feeding troughs. There was 
thus a total of 624 hens on each laying treatment. Egg production per cage was 
recorded daily and all eggs laid on 3 d each week were weighed individually. Food 
was freely available and consumption per cage was measured every 4 weeks. The 
experiment continued until the birds were 73 weeks of age. 
Methods 
Linoleic acid contents of diets were measured by method A of Whitehead (1972). 
The true metabolisable energy of each laying diet was measured as described by 
Sibbald (1976) modified to include a 48-h excreta collection (Sibbald, 1979). The 
effects of rearing and laying treatments on various aspects of performance were 
TABLE 1 
Compositions of experimental diets 
Rearing diets Laying diets 
(0-8 weeks) (8-20 weeks) (20-73 weeks) 
1 2 3 4 5 6 7 8 
Ingredient (g/kg) 
Wheat 690 270 816 340 683 673 343 343 
Maize 400 520 
Barley 280 280 
Soyabean meal 150 150 120 140 125 125 135 135 
Meat and bone meal 150 170 30 30 110 110 110 110 
Limestone flour 10 10 70 75 90 90 
Dicalcium phosphate 18 18 5 5 5 5 
L-Lysine 1 1 3 3 0 
DL-MethiOnine 1 1 
Sodium chloride 1 1 3 3 2 2 2 2 
Maize oil 4 30 
Olive oil 30 
5 5 Vitamin and mineral supplement 5 5 5 5 	. 5 5 
Analyses (per kg) 
Crude protein (Nx625) (g) 215 217 155 159 181 180 179 179 
Ether extractives (g) 	 . 20 29 19 28 25 29 55 55 
Linoleic acid (g) 66 11-7 57 148 65 88 87 228 
True metabolisable energy ±SEM (MJ) 1186±024 1156±013 	1148±024 1182±024 
Calculated apparent metabolisable energy (MJ) 11 8 12-0 114 12-5 110 110 110 110 
Ln 
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analysed by analysis of variance. Measurements of egg number and food intake per 
cage were corrected for mortality on a hen-day basis. 
RESULTS 
Effect of rearing treatments 
Mortality up to 18 weeks was low on both treatments and at this age all birds 
were in good condition although those fed the lower-fat diets were significantly 
(P<0-001) lighter (Table 2). Residual effects of the rearing treatments upon 
subsequent egg production were not significant. Thus rate of egg production, mean 
egg weight and estimated total weight of eggs produced were very similar in each of 
the groups during the whole laying period. Food intake throughout the laying 
period was significantly (P< 0.001) higher for birds reared on the low-fat diet and 
consequently food conversion efficiency was lower. As a result of the differing food 
consumptions during lay, body weight differences due to rearing treatment were no 
longer apparent by the end of the experiment. 
TABLE 2 
Residual effects of rearer diets on performance during the laying period 
Rearer diet' 
LSD Significance of 
I and 3 2 and 4 (P = 0.05) treatment effect 
Egg production A 8089 8154 108 NS 
(per 100 bird d) B 7494 7525 128 NS 
M 7780 7809 095 NS 
Mean egg weight (g) A 5442 5440 025 NS 
B 6134 5153 032 NS 
M 5794 5803 028 NS 
Estimated weight A 4+00 4+30 060 NS 
of eggs produced B 4593 4625 0.74 NS 
(g/bird d) M 4506 4529 054 NS 
Food consumption A 1123 1103 09 
(g/birdd) B 1217 1194 1•3 
M 117•0 1149 09 
Food conversion A 0392 0402 0005 
efficiency (weight of B 0378 0388 0006 
eggs/food consumed) M 0386 0395 0004 
Body weight at 125 132 002 
18 weeks (kg) 
Body weight at 173 173 002 NS 
73 weeks (kg) 
A, over period 21 to 45 weeks; B, over period 45 to 73 weeks; M, over period 21 to 73 weeks; LSD, least 
significant difference; NS, not significant (P>0.05); °°° P<0001. 
1 Diets 1 and 3 correspond for different periods of rearing as do diets 2 and 4, see Table 1 and text. 
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Effect of laying treatments 
The performance of the birds during different periods of the laying stage is sum-
marised in Table 3. Overall rate of egg production was high; mean egg number 
per bird was 283•7 by 73 weeks. However, there were no statistically significant 
effects of laying diet on this aspect of performance. In contrast there were marked 
effects upon egg weight. Weight was lowest with diet 5 (low-fat) and significantly 
(P< 0.05) greater with diet 6 (4g maize oil/kg). With both diets 7 (30 g olive oil/kg) 
and 8 (30 g maize oil/kg), egg weight was very significantly higher (P< 0.001) than 
with either of the other two diets and the difference between diets 7 and 8 also attained 
statistical significance (P<  0.05). These differences in egg weight were apparent 
from the start of egg production and were maintained throughout the experiment, 
as is shown in the Figure. 
As a result of small differences in rate of egg production there were no significant 
differences between the total estimated weights of eggs produced by birds fed on 
diets 5 or 6 or between those fed on diets 7 and 8. However, the difference between 
these two pairs of diets was highly significant (P < 0.001). 
TABLE 3 
Effects of layer diets on performance during the laying period 
Layer diet LSD Significance 
(P = 0.05) of treatment 
- 5 6 7 8 effect 
Egg production A 81-09 81-61 81-29 8084 120 NS 
(per 100 bird d) B 75-26 7584 7503 7425 1-94 NS 
77.93 78-47 78-05 77-32 134 NS 
Mean egg weight (g) A 53-23 53-78 55-13 5550 0-34 * 
B 60-06 60-69 62•25 62-74 0-40 * 
M 5673 57-27 58-78 59-17 0-35 * 
Estimated weight A 43-15 4385 4478 44-85 0-68 
of eggs produced B 45-18 4395 46-68 46-56 1-17 
(g/bird d) M 4420 4490 45-86 4575 0-80 
Food consumption A 110-4 111-9 110-9 111-9 1-1 * 
(g/bird d) B 1194 121-6 120-7 1204 2-0 NS 
M 1151 116-4 1160 116-3 1-3 NS 
Food conversion A 0-391 0-392 0404 0401 0006 
efficiency (weight of B 0-378 0-379 0-388 0-388 0-009 
eggs/food consumed) M 0-385 0-386 0-396 0-394 0-007 * 
Body weight at 1-28 1-29 1-29 1-28 0-03 NS 
18 weeks (kg) 
Body weight at 1-70 1-72 1-74 175 003 * 
73 weeks (kg) 
A, over period 21 to 45 weeks; B, over period 45 to 73 weeks; M, over period 21 to 73 weeks; LSD, least 
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FIG.—Mean egg weights throughout the laying period of hens fed on diets containing no added fat (e), 
4 g maize oil/kg (0), 30 g olive oil/kg (A) or 30 g maize oil/kg 
Food intake showed little effect of diet. Significantly (P<0-05) less of diet 5 was 
consumed during the first half of the laying period but, although the trend was 
maintained in the second half; the differences over the whole experiment were not 
significant. Food conversion efficiencies were significantly (P<0-05) higher for 
birds fed on diets 7 and 8 than for those fed on diets 5 and 6. 
Body weight was similar in all laying groups at point of lay but by the end of the 
experiment birds fed on diets 7 and 8 were heavier (P < 0.05) than those fed on diet 5. 
Interactions between rearing and laying treatments were not significant. 
Mortality was low throughout the laying period (4.3, 52, 46 and 3-5% for 
diets 5, 6, 7 and 8 respectively) and did not show any effect of treatment. 
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DISCUSSION 
The results of the experiment confirm that the fat content of laying hen diets has 
a major influence on egg weight. The diets studied were based largely on the same 
ingredients and were formulated to the same nutrient specifications. Thus they 
contained similar concentrations of protein and metabolisable energy, the latter 
being confirmed by measurements of true metabolisable energy. Consumption of 
all diets during the laying period was quite similar and it is therefore reasonable to 
suppose that the marked effects on egg weight are attributable to dietary fat content. 
The basal laying diet contained low concentrations of fat (25 g/kg) and linoleic 
acid (6.5g/kg) but all other nutrients were thought to be present in generous amounts. 
It allowed an adequate rate of egg production but egg weight was low throughout the 
experiment. The inclusion of maize oil in the laying diet resulted in a large response 
in egg size that was related to the amount added. Thus the additions of 4 (diet 6) 
and 30 (diet 8) g maize oil/kg increased mean egg weight by 054 and 244 g res-
pectively. 
Insight into the component of the maize oil responsible for this increase was 
provided by the diet containing olive oil (diet 7). This oil is rich in oleic acid and 
when added to the diet at 30 g/kg gave a diet containing the same concentration of 
oil as diet 8 but with the same concentration of linoleic acid as diet 6. This diet (7) 
gave results comparable to those obtained with diet 8, since mean egg weight was 
205 g higher than with the basal diet. Mean egg weight was thus still slightly 
higher with diet 8 and over the whole experiment this difference attained statistical 
significance (P < 0.05). However, when small differences in rate of egg production 
were taken into account, there was no difference between the total egg outputs of 
hens fed 30 g of either maize or olive oil/kg. This result confirms the findings of 
Shannon and Whitehead (1974) that an oil rich in oleic acid can be as effective as 
one rich in linoleic acid in promoting optimum egg output. 
The results of the experiment confirm that the linoleic acid requirement of the 
laying hen is not greater than 9 g/kg. Egg weight does respond to higher dietary fat 
concentrations and the response can be affected by fatty acid composition because it 
has been found to vary according to the type of fat (Shutze et al., 1959, 1962). The 
results of the latter and the present experiments suggest that the response is greatest 
when the diets are rich in fatty acids such as linoleic and oleic acids which are 
themselves highly absorbed and also increase the absorbability of other fatty acids 
(Young and Garrett, 1963). The total amount of absorbable fat in the diet may 
therefore be the important factor for egg weight. Egg yolk is rich in lipid and 
greater absorption of dietary fat may permit higher concentrations of circulating 
lipoprotein and faster deposition of yolk lipid with resultant increases in yolk and, 
ultimately, egg weight. Although the emphasis may thus be on quantity of absorbed 
and circulating lipid, an influence of fatty acid composition on fat transport to and 
uptake by the yolk cannot be ruled out. 
The present experiment also studied the effects of dietary fat content of the 
rearing diets. The rearing treatment providing the lower amounts of fat (20 g/kg) 
and linoleic acid (6 g/kg) produced lighter birds at point of lay. These birds ate 
more food during the laying stage with the result that the final body weights did not 
show any effect of rearing treatment. Provision of more fat or linoleic acid during 
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the rearing stage did not have any residual benefit on egg production, irrespective of 
the fat content of the laying diet. 
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Abstract 1. Turkey hens were fed during the breeding period on 5 
diets containing different amounts of linoleic acid and total fat 
provided by varying supplements of maize or olive oils. 
Reproductive performance of the turkeys increased in response to 
dietary linoleic acid. Eleven g linoleic acid/kg diet gave optimum poult 
production. 
Egg weight did not show a significant response to dietary fat 
content. 
Adipose tissue fatty acid composition of the hens was influenced by 
dietary oleic and linoleic acid content. 
INTRODUCTION 
Linoleic acid requirements for normal physiological function in poultry 
seem to be of the order of 10 g/kg diet. Young chickens and turkeys need this 
amount for optimum growth and normality of tissue fatty acid eicosatriene-to-
tetraene ratio (Hill et al., 1967; Hopkins and Nesheim, 1967; Menge, 1970; 
Ketola et al., 1973). 
Requirements are more difficult to establish in adult birds because of 
reserves accumulated during rearing, but turnover studies have suggested that 
9 g/kg diet is adequate for normal physiological function in laying hens 
(Balnave, 1971). Responses in egg weight of hens to dietary supplementation 
with vegetable oils were originally attributed to an effect of high dietary 
contents of linoleic acid per se (Schutze et al., 1962; Shutze and Jensen, 1963). 
However, later studies showed that oleic acid was as effective as linoleic acid in 
enhancing egg weight (Shannon and Whitehead, 1974) and responses to 
graded inclusion rates of dietary unsaturated fatty acids have been established 
(Whitehead, 1981). - 
Fatty acid requirements and responses have not been investigated as 
extensively in the breeding turkey. Cooper and Barnet (1968) reported that 12 
g linoleic acid/kg diet was adequate for normal egg production and hatchability 
but that egg weight was increased by dietary supplementation with 50 g maize 
oil/kg. The present experiment investigated the responses in turkey reproduc- 
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tive performance over a range of dietary fat and linoleic acid inclusion rates 
and compared responses to linoleic acid and oleic acids. 
MATERIALS AND METHODS 
Procedures 
Three hundred and fifty BUT Strain 71 (British United Turkeys, Chester 
CH3 8LU) female turkey poults were reared in a controlled-environment house 
according to standard procedures. Photoperiods were 24 h light/24 h for the 
first 2 d, 14 h light/24 h from 2 d to 18 weeks and 7 h light/24 h from 18 to 29 
weeks. At 25 weeks of age, 250 hens, selected on the basis of good physical 
appearance and near average body weight, were placed in random order in 
individual cages fitted with individual feeding troughs. The cages were in two-
tier units divided equally between two adjacent rooms. At 30 weeks of age the 
light period was increased to 15 h light/24 h and the birds were transferred to 
the 5 experimental diets. These were allocated at random to the birds in blocks 
of 5, in so far as this was possible, equally in the two rooms. 
Weekly food intake and daily egg production were recorded for each bird. 
All eggs were weighed individually. The hens were inseminated weekly with 
semen from breeder stags reared and maintained according to standard 
procedures. All suitable eggs were incubated at two-weekly intervals and 
fertility, stage of embryonic mortality and hatchability were recorded. The 
quality of hatching poults was assessed by normal commercial criteria. Hens 
were weighed at approximately 5-weekly intervals. The experiment continued 
until 55 weeks of age. At this time, 5 hens on each of the experimental diets 
were killed and samples of abdominal adipose tissue were taken for fatty acid 
analysis. 
Diets 
The poults were reared on conventional wheat-based diets containing 
relatively low concentrations of ether extract (20 g/kg) and linoleic acid (9 
g/kg) during the later stages. The compositions of the diets fed at different 
ages are given in Table 1. 
The experimental breeding diets were formulated to contain the same 
proportions of crude protein and metabolisable energy but different amounts 
of total fat and linoleic acid. Diet 4 was the basal diet containing relatively low 
amounts of fat and linoleic acid. Diets 5, 6 and 7 were supplemented with 
maize oil to give incremental inclusion rates of total oil and linoleic acid. Diet 8 
was supplemented with olive oil to give the same total dietary oil content as diet 
7 but a linoleic acid content similar to diet 5. To accommodate these differ-
ences in oil content, the cereal contents of the diets were varied. Nevertheless, 
all diets were thought to contain an adequate amount and balance of amino 
acids and other nutrients. The compositions of these diets are given in Table 1. 
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TABLE I 
Compositions of rearing and experimental breeding diets (g/kg) 
Rearing diets 	 Breeding diets 
Ages fed (weeks) 0-4 4-12 12-30 30-35 
Diet number 1 2 3 4 5 6 7 8 
Ingredients 
Barley 210 115 135 240 240 
Maize 336 
Oats 60 60 60 
Wheat 152 600 500 724 601 506 388 388 
Wheatfeed 100 130 
Soyabean meal 352 180 89 110 110 110 110 110 
Herring meal 104 
Meat and bone meal 32 100 30 105 107 112 115 115 
Maize oil 4 10 20 30 
Olive oil 30 
DL-methionine 1 
L-lysine 3 3 
Limestone flour 5 6 8 38 38 38 38 38 
Dicalcium phosphate 20 3 13 
Salt 3 3 4 4 4 4 4 4 
Pellet binder 10 12 10 10 10 10 10 
Mineral mix' 2'5 2'5 25 25 25 25 2'5 25 
Vitamin mix' 2'5 2'5 25 25 2'5 25 2'5 2'5 
Choline chloride 50% 1 1 
Analyses (determined) 
Crude protein (gNx6'25) 250 211 141 164 163 164 166 167 
Ether extract 42 34 24 36 41 51 64 62 
Linoleic acid 11 8 8'5 8'5 11 18 24 11 
Metabolisable energy 
(MJ, calculated) 11'8 11'4 11'2 115 11'5 115 il'S 11'5 
Supplied per kg diet: copper 3'5 mg, iodide 04 mg, iron 80 mg, magnesium 300 mg, manganese 100 mg, 
zinc 50 mg. 
2 Supplied per kg diet: retinol 3 mg, cholecalciferol 37tg, a-tocopherol 30 mg, menadione 4 mg, thiamin 4 
mg, riboflavin 10 mg, pyridoxine 5 mg, cobalamin 2 gig, folic acid 2 mg, biotin 01 mg, pantothenic acid 16 
mg, nicotinic acid 50 mg. 
Analyses 
The linoleic acid contents of the diets were determined by gas-liquid 
chromatography (Method A) as described by Whitehead (1972). Adipose tissue 
fatty acids were measured by the same method. 
Production data were analysed as follows. Most traits were analysed by 
analysis of variance assuming normal errors. The appropriateness of this 
assumption of normal errors was judged by plots of the residuals against their 
normal scores and against the fitted values. Traits relating to the settability, 
fertility and hatchability of eggs were analysed using a generalised linear model 
assuming binomial errors and a logit link. The model was modified to account 
for an extra component in binomial variability between birds (Williams, 1982). 
RESULTS 
There were only 7 deaths during the breeding period. There was no 
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evidence to suggest that the deaths were linked to diet and data for these birds 
were omitted from the analysis. A split-plot analysis of normally-distributed 
plots did not suggest any significant difference in performance between birds 
in the two rooms. Results were therefore combined over both rooms. 
Hens on all diets came into lay during the 33rd week and a rate of egg 
production of 050 eggs/hen d was achieved on all diets at very close to 335 
weeks of age. Birds fed diet 4 reached a peak of 077 eggs/hen d during week 
35 but birds on other diets peaked at 081 to 083 eggs/hen d during week 36. 
Other performance characteristics are detailed in Table 2. Mean egg 
number per bird up to 55 weeks of age was lower with diet 4, but the 
difference was not statistically significant. Persistency of egg laying did not 
differ significantly between diets. 
TABLE 2 
Performance characteristics from 33 to 55 weeks of age of breeding turkeys fed diets of dfferent fat content 
Diet number Significance 
of treatment 
4 5 6 7 8 SEM effect 
Mean egg number/hen 984' 1077 1068 1056 1075 47 NS 
43 to 55 weeks 0•75 0•81 083 085 081 004 NS Egg number 35 to 42 weeks 
Cracked eggs 
/100 laid 48 27 30 22 27 * 
Settable eggs 
/100 laid 880 919 885 904 881 NS 
Fertile eggs 
/100 set 922 949 945 942 941 NS 
Early dead embryos 
/100 fertile eggs 97 76 87 81 73 NS 
Late dead embryos 
/100 fertile eggs 41 21 28 27 28 * 
Eggs pipped but failing to 
hatch/100 fertile eggs 54 47 55 42 43 NS 
Hatchability 
/100 fertile eggs 808 856 830 850 857 * 
Total poults/hen 645 804 741 764 764 * 
Second quality 
poults/100 hatched 90 77 88 68 70 08 NS 
Mean egg weight (g) 756 75.3 752 758 762 081 NS 
Egg weight 43 to 55 weeks I•066 1•064 1•066 1068 1061 NS 
35 to 42 weeks 
Food intake (kg/week) 127 126 129 124 125 001 NS 
Body weights of hens (kg) 
at 32 weeks 7.49 7.30 741 7.34 7.50 012 NS 
at 55 weeks 746 718 745 731 742 012 NS 
Mean of 50 observations; *P<0.05 
The incidence of cracked eggs was highest with diet 4 and a linear contrast 
between this diet and all others suggested the difference was significant 
(P<005). Eggs unsettable for other reasons and the overall proportions of 
settable eggs did not show any significant dietary effects. 
Fertility was slightly, but not significantly, lower in hens fed diet 4. 
However the depression in hatchability of fertile eggs with this diet was 
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significant (P<005). This lower hatchability was accounted for by increased 
embryonic mortality throughout the incubation period, the increase during the 
latter half being significant (P<005). There was no indication as to whether 
this lower hatchability was associated with the poorer eggshell quality perhaps 
implied by the higher incidence of cracked eggs observed in this group. 
Differences in hatchability and embryonic mortality between the other diets 
were not significant. 
The total number of poults produced was significantly (P<0.05) lower 
with diet 4 than with all other diets. Differences between the other diets were 
not significant. The proportions of poults graded second quality was not 
affected significantly by diet. 
Egg weights were calculated as the means of individual bird mean weekly 
egg weights over the whole production period and are given in Table 2. 
Analysis of variance did not indicate any significant differences between the 
treatment groups. Mean egg weights were slightly higher with the diets supple-
mented with 30 g maize or olive oils/kg and regression of egg weight on dietary 
fat concentration gave a coefficient of 0021 ± 0023 (not significant). The 
ratios of mean egg weights during the 43 to 55 week period to those over the 
35 to 42 week period were very similar on all treatments and did not indicate 
any effect of dietary fat on the change in egg weight over the productive 
period. 
Weekly food intakes were very similar on all diets and differences were not 
significant. Mean body weights of the groups at the start of the breeding period 
did not differ significantly. All groups showed a similar decline in body weight 
over the first 10 weeks of lay, and recovery thereafter. Mean body weight with 
all diets did not differ significantly at 55 weeks of age. 
Adipose tissue fatty acid compositions at 55 weeks of age are shown in 
Table 3. The proportions of oleic and linoleic acid were affected significantly 
by diet. With the maize oil-supplemented diets, adipose tissue and dietary 
linoleic acid contents showed an approximately linear relationship. However, 
this relationship did not extend to the diet supplemented with olive oil, where 
the relatively high intake of oleic acid depressed the proportion of linoleic acid 
deposited. 
TABLE 3 
Composition (mg/g) of adipose tissue fatty acids in female turkeys at 55 weeks of age 
Fatty acid 
Diet Palmitic Palmitoleic Stearic Oleic Linoleic 
4 253±9' 59±15 77±7 469±10 143±6 
5 262±6 53±11 75±5 440±12 170±12 
6 260±8 36±5 74±4 437±7 195 ± 18 
7 239±14 42±6 75±7 425±2 219±10 
8 241±14 38±9 69±2 506±6 147±9 
Significance of 
diet effect NS NS NS ** 
'Mean of 5 observations ± SEM; **P<0.01; ***jD<fj.ØØ 1. 
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DISCUSSION 
Responses to dietary linoleic acid were observed in several reproductive 
traits. Birds fed the least amount of linoleic acid (85 g/kg) generally per-
formed worse than all the others. Overall poult production of these birds was 
much lower, principally as a result of depressions in egg number and hatchabil-
ity of fertile eggs. Reproductive performance was much better on all other 
diets and there was no indications of responses to dietary concentration of 
linoleic acid above 11 g/kg. The requirement of the breeding turkey is thus 
very much in line with the value of 10 g/kg established for the growing poult 
(Ketola et al., (1973). 
The visual quality of hatching poults was unaffected by maternal linoleic 
acid within the ranges studied. However, direct assessments of poult growth 
potential were not made. The growth potential of young chickens is well known 
to be depressed by maternal linoleic acid deficiency but there is no evidence to 
indicate that it is enhanced by dietary concentration above the hen's require-
ment (Hopkins and Nesheim, 1962; 1967; Menge and Richardson, 1968). It 
this principle applies in turkeys also, a dietary content of 11 g linoleic acid/kg 
could be regarded as adequate for reproduction for turkey breeders. With the 
diets and birds used in the present study, this amount is equivalent to a dietary 
concentration of 10 g linoleic acid/MJ metabolisable energy or an intake of 2 
g linoleic acid/d. 
The minimal response of egg weight to increases in dietary vegetable oil 
content is surprising. In domestic fowls such responses have generally been 
greatest with linoleic acid-depleted hens, and the turkeys fed the basal diet in 
the present experiment were clearly deficient in linoleic acid, judging by their 
depressed reproductive performance. Nevertheless, there was no indication of 
a significant response in egg weight to dietary oil supplementation. Mean egg 
weight did increase marginally, but only at a rate equivalent to 1 g per 50 g 
supplemental oil/kg diet, calculated on the basis of the regression equation 
assuming no differences in responses to oleic or linoleic acids. This finding 
contrasts with the report of an increase of approximately 3 g in egg weight in 
response to the addition of 50 g maize oil/kg diet in turker breeders (Cooper 
and Barnett, 1968). However, these authors also observed 12% higher egg 
production in their fat-supplemented group. Because egg production re-
sponses of this magnitude are not usually associated with dietary fat supple-
mentation, it is probable that the greater egg size of the supplemented group 
was related more to the greater inherent productivity of this group than to the 
dietary fat addition. 
The present results also contrast with findings for domestic hens, in which 
large responses in egg weight to vegetable oils have been regularly reported. 
For example, in an experiment involving a design and diets very similar to the 
present, responses in egg weight of approximately 25 g were observed with 
supplemental inclusion rates of 30 g maize or olive oils/kg (Whitehead, 1981). 
Of course, it need not be assumed that responses in egg weight should be 
the same in the two species; there are other factors that may influence 
responses to dietary fat. For instance, food intake in relation to egg mass 
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output is very much higher in turkeys. Turkeys also normally show a large body 
weight loss over the first half of the laying period, which is accounted for 
almost entirely by a decrease in body fat content. In the present experiment 
the weight loss was approximately 250 g/bird. Mobilisation of this amount of 
tissue lipids over a 10-week period is equivalent in some ways to an additional 
dietary intake of about 20 g of highly unsaturated fat/kg diet over this period. 
In contrast, body weight losses in domestic hens at the onset of lay are minimal. 
The body fat reserves in turkeys are replaced over the second half of the laying 
period, but there was no indication that dietary fat content influenced egg 
weight during this period: the ratios of egg weights during the second and first 
halves of the laying period did not increase in response to dietary fat. 
The mechanism of the response of egg weight to dietary fat in domestic 
hens is not known, hence appropriate metabolic comparisons cannot be made 
between the species. However, whatever the reasons for the different experi-
mental responses observed, it can be concluded that dietary fat does not 
influence egg weight so readily in turkeys as in domestic fowls. - 
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Abstract 1. A low-fat diet or an isoenergetic and isonitrogenous 
high-fat diet containing 55 g maize oil/kg were fed to laying hens at 
different stages during the laying year in two experiments. 
Feeding the high-fat diet to young hens resulted in a rapid increase 
of 25 g in egg weight, made up of increases in both yolk and albumen 
weights. 
Switching the diets at 50 weeks caused changes in egg weight that 
were accounted for entirely by changes in egg albumen weight. 
Feeding the high-fat diet from 46 weeks in a second experiment 
increased egg and egg albumen weights by 126 and 1-34 g respec-
tively. 
The increase in egg weight with age was associated with a greater 
increase in the proportion of yolk, at the expense of albumen, 
compared to egg weight increases related to dietary fat. 
It is concluded that dietary fatty acids increase egg weight by a 
mechanism different from that causing age-related increases in weight 
and that the mechanism riinvolves a stimulation of oviduct protein 
synthesis. 
INTRODUCTION 
The addition of vegetable oils to laying hen diets has long been known to 
enhance egg weight (Jensen et al., 1958). This effect has been attributed to a 
specific property of the oil, rather than to its energy content, because replace-
ment of oil by starch to provide the same amount of energy depressed egg 
weight (Balnave, 1971a). The effect has been observed most consistently with 
vegetable oils rich in linoleic acid (Shutze et al., 1958, 1962). Although 
Shannon and Whitehead (19 74) and Whitehead (198 1) have reported that olive 
oil (rich in oleic acid) can be as effective as other vegetable oils, this was not 
supported by the observations of Scragg et al. (1987). 
Conflicting observations on the effects of different fatty acids on egg 
weight could be resolved if the mechanism by which dietary fat influences egg 
weight was known. Yolk weight has been reported to be increased when egg 
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weight was increased by feeding fatty acids (Jensen and Shutze, 1963), and it 
has been suggested, without any direct evidence, that this is related to the 
greater availability of fatty acids for yolk deposition (Bray, 1967; Sell et al., 
1987). 
A mechanism based upon enhanced lipoprotein formation or yolk uptake 
seems logical, but before this was investigated in greater detail, it was decided 
to obtain more information on the effects of a dietary oil on egg weight and 
composition at different stages throughout the egg laying period. Unexpec-
tedly, the results of the present investigation showed major changes in egg 
albumen content, particularly in older hens, and led to the conclusion that a 
mechanism involving increased albumen synthesis may be more important in 
explaining the effect of dietary fat on egg weight. 
MATERIALS AND METHODS 
Birds and husbandry 
ISA Brown hens which had been reared according to standard procedures 
were housed in single bird battery cages arranged in 3-tier units. The cages 
were equipped with individual food troughs and nipple drinkers. The photo-
period was 14 h light/24 h. Egg production was recorded daily. 
The experimental diets comprised a low fat control diet or a diet contain-
ing 55 g maize oil/kg. Diet compositions are given in Table 1. The diets were 
calculated to be isoenergetic and isonitrogenous and to contain sufficiently 
high concentrations of crude protein and amino acids so that changes in egg 
characteristics could not be attributed to inadequacies in amino acid intake. 
The diets were allocated at random to birds in blocks of cages distributed 
evenly Over the 3 tiers and were freely available at all times. 
Experiment 1 
The object of this experiment was to investigate the effects of supplemen-
tal dietary fat on the weights of eggs and egg components at different stages 
during laying year. 
Sixty hens were fed from point-of-lay on the low-fat diet. During week 20 
individual egg weights were recorded daily and the birds were then allocated to 
10 blocks of 6 birds with minimal variation between block in egg weight. All 
birds were maintained on the low-fat diet during weeks 21 and 22. From 23 
weeks of age, 5 blocks were retained on the low-fat diet (treatment A) whilst the 
other 5 blocks were fed on the high-fat diet (treatment B). At 48 weeks of age 
birds in each group were divided into two subgroups of 15 birds, each with 
nearly equal mean egg weight. At 50 weeks, one subgroup in treatment A was 
transferred to the high-fat diet and one subgroup in treatment B was trans-
ferred to the low-fat diet. The experiment was terminated at 58 weeks. 
Egg production was recorded throughout the experiment. Over weekly 
periods, egg, yolk, albumen and shell weights were determined for all eggs. 
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Compositions of experimental diets 
Diet 
Ingredient (g/kg) 	 Low-fat High-fat 
Barley 	 - 150 
Wheat 765 420 
Wheatfeed 	 - 46 
Soyabean meal 	 25 110 
Herring meal 65 45 
Meat-and-bone meal 	 30 30 
Dried grass meal 	 - 45 
Isolated soya protein 	 20 
Limestone flour 	 65 67 
Dicalcium phosphate 	 22 23 
DL-methionine 	 - 1 
Sodium chloride 3 3 
Maize oil 	 - 55 
Supplement' 	 5 5 
Analyses 
Crude protein 	 166 	 164 
Ether extract 20 75 
Linoleic acid 	 7•5 	38 
Metabolisable energy (MJ) 	 11-4 11.4 
Supplied (mg/kg) diet: retinol 3, cholecalciferol 005, a-tocopherol 
25, menaphthone 4, riboflavin 4, nicotinic acid 28, pantothenic acid 
10, copper 36, iodine 04, iron 80, manganese 100, selenium 015, 
zinc 50. 
Experiment 2 
The object of this experiment was to confirm the findings of the 1st 
experiment, namely that the responses in egg weight to dietary fat supplmenta-
tion in older hens were attributable to increases in the amount of albumen in 
the egg. 
Eighty four hens were reared to 45 weeks of age on the low-fat diet. The 
birds were allocated to 14 groups of 6 birds on the basis of pre-experimental 
egg weight so as to minimise between-group variation. The low-fat diet was fed 
to all birds during weeks 46 and 47. Between weeks 48 and 57, birds in 7 
groups were fed on the high-fat diet. These birds were returned, to the low-fat 
diet for weeks 58 and 59, after which time the experiment terminated. 
Egg production and whole egg weights were recorded daily. Yolk, albumen 
and shell weights were recorded for all eggs during weeks 46, 47, 56 and 57 
During week 57, yolk and albumen from 3 eggs from each bird in each bird in 
each group was pooled and analysed for dry matter and yolk lipid content by a 
modified Folch extraction (Fletcher et al., 1984). 
Statistical analyses 
The data were analysed by analysis of variance. 
568 	 C. C. WHITEHEAD, A. S. BOWMAN AND H. D. GRIFFIN 
RESULTS 
Experiment 1 
Changes in egg weight which occurred throughout the experiment are 
shown in Fig. 1. Mean egg weight did not differ significantly (P<0-05) 
between treatment groups A and B when they were fed on the low-fat diet 
from 20 to 22 weeks. Egg weight of both groups increased with age but the 
increase over the period 22 to 24 weeks was greater in birds fed on the high-fat 
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FIG 1.—Responses of egg weight in laying hens in treatment groups A (•) and B (0) fed on low-
fat (—) and high-fat diets ( --- ). Vertical bars indicate standard errors (experiment 1). 
The increase in egg weight over the period 22 to 32 weeks was significantly 
(P< 0-005) greater by 2-5 g in the birds fed on the high-fat diet (Table 2). 
Measurements of egg components showed that this increase was attributable to 
significant increases in the weights of both yolk (P <0-05) and albumen 
(P < 0005). Changes in the weights of eggs and egg components from 32 to 43 
weeks did not show any effects of diet. 
The relative proportions of the egg components are given in Table 3. As 
the birds aged, there was a significant (P< 0001) increase in the proportion of 
yolk and significant decrease in the proportions of albumen (P < 001) and 
shell (P < 005). However, the values at 32 and 42 weeks, when compared to 
the values for the same treatment group at 22 weeks did not indicate any 
effects of diet over this period on the relative proportions of egg components. 
In hens laying eggs of the same (64 g) group mean weight (i.e. birds fed on the 
high-fat diet at 32 weeks and those fed on the low-fat diet at 42 weeks) were 
TABLE 2 
Changes in weights of eggs and egg components over different periods in laying hens fed on diets of different fat content (experiment 1) 
Changes in egg component (g) over period 
Period Dietary 
(weeks) Treatment fat (g/kg) Whole egg Yolk Albumen Shell 
22-32 A 20 +5-68 ± 028 +2-83 ± 015 +2-60 ± 018 +026 ± 015 
B 75 +8-15 ± 0.34** +3-57 ± 0.20* +4-13 ± 0.22** +0-46 ± 010 
32-43 A 20 +350 ± 028 + 197 ± 016 + 112 ± 019 +041 ± 0•11 
B 75 +3-69 ± 0•63 + 1•99 ± 026 + 103 ± 027 +0-67 ± 0•14 
20 +1-04  ± 062 +0-36 ± 023 +0-02 ± 040 +0-66 ± 032 
A 
75 +2-18 ± 054 +0-62 ± 030 + 127 ± 0.47* +0-29 ± 025 
50-58 
20 - 0-56 ± 067 —001 ± 030 - 0-89 ± 0'50 +0-34 ± 0•18 
B 
75 +1-38 ± 061 +0-09 ± 0121 +1-24 ± 056 +0-05 ± 03 
Mean values ± standard error. 
Significance of dietary effect over the period: * P< 005; ** P< 001 
tv 
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compared, it was found that the proportion of yolk was significantly 
(P < 0005) higher in the eggs from the older birds, at the expense of albumen. 
TABLE 3 
Compositions of eggs at different ages from hens frd on diets of different fat content (experiment 1) 
Egg components (g/100 g egg) 
Age Dietary Egg wt 
weeks Treatment fat (g/kg) (g) Yolk Albumen Shell 
22 A 20 55 23-8 ± 0-2' 625 ± 0-2' 13-7 ± 0-2' 
B 75 56 23-3 ± 0-2" 63-3 ± 0-2 13-4 ± 0-2" 
32 A 20 61 26-2 ± 0-2" 60-9 ± 0-2 12-8 ± 0-1' 
B 75 64 25-9 ± 0-3' 61-6 ± 0-2" 12-4 ± 0-1" 
42 A 20 64 27-9 ± 0-2" 59-3 ± 0-2" 12-8 ± 0-1" 
B 75 66-5 27-4 ± 0-3" 59-8 ± 0.31 12-7 ± 0-1" 
Mean values ± standard error. 
Within a column, values with the same superscript letter did not differ significantly (P < 0-05) 
The effect of transferring birds from diet to another at 50 weeks is shown 
in Figure 1. Egg weight increased more rapidly in birds in group A transferred 
from the low- to high-fat diet than those maintained on the low-fat diet and 
declined in birds in group B transferred from the high- to low-fat diet. These 
changes were not statistically (P> 005) significant (Table 2). Measurements of 
egg components showed that the weight of yolk changed little in response to 
the dietary changes. However, there were significant (P < 005) changes in the 
weights of albumen in both groups that were similar in magnitude to the 
changes in egg weight. 
Egg production and food intake were not affected by dietary treatments. 
Experiment 2 
The responses in egg weight during this experiment are shown in Figure 2. 
Mean egg weight did not differ significantly between the two treatment groups 
initially. However, it increased rapidly in birds fed on the high-fat diet and 
continued to be significantly (P< 005) higher in these birds until they were 
returned to the low-fat diet. Then it fell sharply within 2 weeks to a value not 
significantly (P> 005) different from that of the birds fed on the low-fat diet 
throughout. Egg production and food intake were unaffected by the nature of 
diet. 
The magnitudes of the changes in egg components between weeks 46 and 
48 (Table 4) shows that the weights of whole egg and albumen increased 
significantly (P< 005) by 126 g and 134 g, respectively, more in birds fed on 
the high-fat diet, whereas yolk and shell weights were unaffected by diet. At 57 
weeks, yolk lipid and dry matter and albumen dry matter contents were slightly 
but significantly (P < 005) higher in birds fed on the high-fat diet. 
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Changes in weights of eggs and egg components and egg compositions in laying hens fed on diets of different fat content 
(experiment 2) 
Changes in weight (g) 





Compositions at 57 weeks 
Yolk lipid (g/l00 g yolk) 
Yolk dry matter (g/lOO g) 
Albumen dry matter (g/100 g) 
Dietary fat (g/kg) 
20 	 75 
	
+ 1•29 ± 0-35 	+ 2-55 ± 0-29 
+ 0-52 ± 0-10 + 0-55 ± 0-15 
+0-91 ± 0-29 	+2-25 ± 0-17 
- 0-20 ± 0-29 - 0-25 ± 020 
352 ± 0-2 	 35-7 ± 0-1 
52-3 ± 0-1 52-6 ± 0-1 





Mean values ± standard error. 
NS: not significant (P> 0-05); * P < 0-05;  ** P <0-01. 
DISCUSSION 
The results of these experiments confirm that increasing the dietary fatty 
acid content of a low fat diet can increase egg weight by I to 25 g, as 
demonstrated by many other workers (e.g. Balnave, 1971a; Whitehead, 1981; 
Hoyle and Garlich, 1987). The effect, which is more pronounced in younger 
birds, seems to be attributable mainly to unsaturated fatty acids, perhaps linoleic 
acid particularly. However, it is not related to linoleic acid deficiency, because 
hens reared on normal diets build up large reserves of this fatty acid and the low-
fat diet in the present experiment contained only marginally less than the 
physiological requirement of 9 g/kg (Balnave, 1971b). Egg weight was found to 
respond rapidly to changes in dietary fatty acid content. This effect was apparent 
in young and old hens and supports the suggestion of Balnave (1987) that dietary 
fat content can be used for the short-term manipulation of egg weight. 
The findings of the present experiments show that the effects of dietary 
fatty acids on individual egg components are age-dependent. In the first 
experiment, the marked effect on egg weight of increasing the dietary fat 
content of (young) hens was shown to result from an increase in the weights of 
both the yolk and albumen components. These observations are in agreement 
with the finding that yolk weight responds to dietary fat content (Jensen et z1., 
1958; Jensen and Shutze, 1963; Sell et al., 1987). However, when these birds 
became older (50 weeks) either increasing or decreasing the fat content of the 
diet resulted in a change in egg weight that was attributable solely to a change 
in albumen weight. The changes in egg weight in these birds were not 
statistically significant, mainly because of the smaller group size at this stage of 
the experiment. However, a repeat experiment with birds of the same strain 
(experiment 2) confirmed that an increase in dietary fat content when the birds 
were well advanced in their egg production cycle (46 weeks) resulted in an 
increase in egg weight that was again attributable entirely to an increase in 
albumen weight. 
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FIG. 2.—Responses of egg weight in laying hens fed on low-fat (—) and high-fat diets (---) 
(experiment 2). 
Egg weight, of course, also changes with the age of the hen. However, the 
different effects of age and dietary fat on the changes in the egg components 
can be seen by comparing the compositions of eggs of similar weight (64 g) laid 
either by hens at 32 weeks fed on the high fat diet or at 43 weeks on the low fat 
diet. Fatty acids resulted in a relatively higher proportion of albumen, at the 
expense of yolk. The increase in egg weight caused by dietary fatty acids is, 
therefore, not attributable to a stimulation of the same mechanism that results 
in the age-related increased in egg weight. Instead, fatty acids must have a 
separate effect on the synthetic mechanisms for individual egg components. 
Speculation on the mechanism by which dietary fatty acids might influence 
egg weight have centred on relationships between dietary fat and yolk lipid 
deposition. Thus Jensen and Shutze (1963) suggested that low yolk weight, in 
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- - essential fatty acid-deficient -hens, was caused-by a slower rate of lipid transport 
to the ovary. This view was supported by the finding (Balnave, 1970) that the 
increase in yolk dry weight was attributable to an increase in the amount of lipid 
deposited in yolk. Bray (1967) and Sell et at. (1987) have also suggested that the 
rate of synthesis of lipoproteins in young hens is insufficient to supply the 
amount of lipids needed for yolk deposition and that an increase in the supply of 
preformed fatty acids from dietary sources can enhance yolk development. 
A mechanism based upon the stimulation of lipid uptake in the yolk may 
partially explain the observed increase in egg weight. Yolk weight was elevated 
in young hens by feeding additional fat, and the proportion of lipid in the yolk 
was slightly higher in older hens. However, the observation that egg albumen 
weight was also increased in young hens, and was the factor solely responsible 
for the change in egg weight in older hens, suggests that a mechanism other 
than enhanced lipid deposition may be more important in the overall effect on 
egg weight. Both albumen weight and the dry matter content of albumen were 
elevated by dietary fat. It is, therefore, apparent that dietary fatty acids can 
have a stimulatory effect on oviducal protein secretion. Because the synthesis 
of most of the oviduct proteins is stimulated by oestrogen, it is possible that the 
function of this hormone in the laying hen is influenced by dietary fatty acids. 
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THE RELATIONSHIP BETWEEN PLASMA 
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The relationship between plasma triglyceride concentrations and 
body fat content was examined in three groups of male and one of female 
broiler chickens fed ad libitum on a normal growing diet. 
Phenotypic correlations between total plasma triglyceride concen-
tration and fat content were + 050, + 037 and + 039 for the three groups 
of male broilers and + 033 for the group of females. Triglyceride content 
of plasma very low density lipoprotein (VLDL) plus low density lipoprotein 
(LDL) showed similar correlations with fat content. 
Selection of birds from a flock of 550 male broilers on the basis of 
high or low plasma VLDL plus LDL triglyceride concentrations produced 
groups with significant differences in body fat content but little difference 
in body weight. 
t. The results suggest that measurements of plasma triglyceride con-
centration could be used as an indirect means of selecting for decreased 
body fat content in broiler breeding programmes. 
INTRODUCTION 
The chicken adipocyte has a limited capacity to synthesise fatty acids de nova 
(O'Hea and Leveille, 1969) and most of the fat deposited within the adipose tissue 
must be derived from the plasma. It would seem reasonable to suppose that the 
rate of fat deposition might be influenced by the concentration of available triglyc-
eride in the plasma. Bartov et al. (1974) examined the relationship between plasma 
triglyceride concentrations and body fat content in broilers and concluded that 
measurements of plasma triglyceride were unsuitable as criteria for predicting car-
cass fatness. The numbers of birds used in their studies were small and the degree of 
correlation obtained, if any, was not reported. Mirosh et al. (1980) found no corre-
lation between total plasma lipid concentrations and abdominal fat content of 
broilers in fasted birds. Preliminary results (Griffin and Whitehead, unpublished 
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observations) indicated that plasma triglyceride concentrations in broilers were very 
low after an overnight fast and showed little individual variation. In the present 
paper we describe an investigation into the relationship between body fat content 
and plasma triglyceride concentration in male and female broilers fed ad libitum. In 
view of the correlations obtained we also examined the feasibility of selecting lean 
and obese broilers from measurements of plasma triglyceride concentration. 
MATERIALS AND METHODS 
Husbandry 
Birds were housed from 1 d old in floor pens (372 m 2) containing a deep litter 
of wood shavings with 45 birds per pen. They were fed on diet 1 (Table 1) up to 4 
weeks of age and diet 2 thereafter. The pelleted diets were formulated to contain 
adequate amounts of nutrients for birds of the appropriate ages. Birds were kept on 
a 23-h photoperiod with lights off between midnight and 01.00 h. Blood samples 
were taken between 09.00 and 13.00 h. Food consumption was unlikely to vary 
much during the sampling period (Cherry and Barwick, 1962). 
Procedure 
Experiment 1 examined the relationship between plasma triglyceride concen-
tration and carcass fat content in Ross broilers (Ross Breeders Ltd, Newbridge). 
Thirty-five males were reared to 56 d of age when they were weighed and blood 
samples were taken. They were killed for carcass analysis the next day. 
Experiment 2 was similar to the first, but Marshall broilers (D. B. Marshall Ltd, 
Newbridge) were used. Seventy-five males were reared to 56 d of age when they 
were weighed and blood samples were taken. The birds were killed for analysis the 
next day. 
TABLE 1 
Composition of diets 
Ingredients (g/kg) Diet 1 Diet 2 
Maize meal 473 560 
Soyabean meal (440 g protein/kg) 415 327 
Vegetable oil 50 50 
Limestone flour 16 16 
Dicalcium phosphate 23 24 
DL-Methionine 3 2 
L-Lysine 1 1 
Sodium chloride 4 5 
Binder (Wafalin) 10 10 
Vitamin and mineral supplement' 5 5 
Analyses (per kg on air-dry basis) 
Crude protein (N x 625, g) 230 195 
Ether extractives (g) 72 73 
Calculated metabolisable energy (MJ) 1245 1277 
'Supplied per kg of diet: copper 36 rug, iodide 04 mg, iron 80 mg, magnesium 300 mg, manganese 
100 mg, zinc 50 mg, retinol 600 pg, oc-tocopherol 17 mg, menaphthone 13 mg, riboflavin 4 mg, nicotinic 
acid 28 mg, pantothenic acid 10 mg, biotin 005 mg, cholecalciferol 15 ILg. 
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Experiment 3 was undertaken to compare the relationships between plasma 
triglyceride and carcass fat contents in the two sexes. Seventy-one male and 71 
female Ross broilers were weighed and bled at 56 d of age and killed the following 
day. 
The purpose of experiment 4 was to determine whether the relationships estab-
lished in the previous experiments could be used as a basis for selection of lean or fat 
broilers. Five hundred and fifty male Ross broilers were reared to 56 d of age when 
they were weighed and the first blood samples taken. Individuals with low (<0.80 
moles/ml) or high (>1 70 moles/ml) plasma very low density lipoprotein (VLDL) 
plus low density lipoprotein (LDL) triglyceride concentration were retained and a 
second series of blood samples was taken from these birds at 61 d of age before they 
were killed for carcass analysis at 63 d of age. 
Carcass analysis 
All birds were starved overnight to empty the digestive tracts. They were sus-
pended upside down, stunned and exsanguinated by section of the jugular veins. 
When dead, the birds were dry-plucked and frozen. Each carcass was cut into small 
pieces with a band saw and then reduced to a homogeneous paste by being passed 
three times through a Hobart mincing machine (22 kW) using a fine screen. Dupli-
cate samples of paste (50 g) were weighed, freeze-dried and reweighed to determine 
dry matter content. The fat content of the dried sample was determined by contin-
uous extraction with petroleum ether (b.p. 40 to 60 °C) in a Soxhlet apparatus and 
the results were expressed as a proportion of the wet carcass. 
Miasurements of plasma triglycerides 
Blood was removed from the wing vein, mixed with 05 g EDTA 1 litre 015 M 
NaCl, pH 74, to give a final concentration of about 2 mg EDTA/ml and stored in ice. 
Plasma was prepared by centrifuging blood samples at 1000 g for 5 min and stored 
at - 20 °C. Alternatively, VLDL and LDL were precipitated from 05 ml aliquots 
of freshly prepared plasma by addition of an equal volume of ig dextran sulphate 
(molecular weight about 40 000; BDH Chemicals, POole) 1 litre 100 mm MnC1 2 
(Burstein et al., 1970). After 30 min at room temperature (about 22 °C) samples 
were centrifuged at 1000 g for 5 mm. The precipitated lipoproteins were resus-
pended in 02 ml 06 M NaHCO3 and stored at —20 °C. Triglyceride was deter-
mined using an automated system (Technicon Autoanalyser) as described by Kessler 
and Lederer (1965) and modified by Noble and Campbell (1970). 
RESULTS 
Means and standard deviations for measurements of total plasma triglyceride 
concentration, the triglyceride content of plasma VLDL and LDL, body weight and 
fat content (expressed as a proportion of body weight) are shown in Table 2. The 
coefficient of variation of fat content was low but there was sufficient variation 













Live body weight, body fat content and plasma triglyceride concentrations of male and female broiler chickens 
Plasma triglyceride ( 1Lmoles/ml) 
Body weight Body fat content 
Experiment 	Number of birds 	at 56 d (g) (g/kg fresh weight) Total In VLDL + LDL' 
Mean Mean ± SD (range) Mean ± SD (range) Mean ± SD (range) 
35 (M) 	 2500 150±15 (121-195) 1•40±053 (060-288) 
2 	 75 (M) 2670 133±23 (54-177) 184±042 (085-291) 1•02±035 (024-204) 
f71 (M) 	 2436 119±22 (69-178) 1l3±051 (022-257) 102±036 (0.34-214) 
l71 (F) 2051 134±29 (63-217) 125±048 (032-243) 112±0 38 (034-208) 
M: Males, F: females. 
'VLDL + LDL: very low density lipoprotein and low density lipoprotein. 
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Phenotypic correlations between the above traits are shown in Table 3. Body 
fat content showed significant though moderate correlations with plasma triglyceride 
concentration and triglyceride content of VLDL and LDL in both male and female 
broilers. The distribution of the individual data points in experiment 2 is shown in 
the Figure. Body fat content was also significantly correlated with body weight in 
two out of the four groups, suggesting a tendency for heavier birds to be fatter. 
Neither plasma total triglyceride concentration nor VLDL plus LDL triglyceride 
showed any consistent correlation with body weight. 
The results of experiment 4 in which birds with high and low plasma VLDL 
plus LDL triglyceride concentrations were selected from a flock of 550 male broilers 
are summarised in Table 4. The initial selection of individuals with plasma triglyc-
eride concentrations greater than 1-70 moles/ml or less than 080 moles/ml plasma 
at 56 d of age produced groups containing 45 and 28 birds respectively (8 and 5% 
of the total population). Carcass analysis showed that these groups differed signifi-
cantly in their mean body fat content, with birds with elevated plasma triglyceride 
concentrations being significantly fatter than those with low plasma triglyceride con-
centrations (144 and 115 g fat/kg respectively, P <0-01).  If the criterion for selecting 
the birds with high plasma triglyceride concentrations had been made more stringent, 
to include only 5, 3 or 1 % of the population, the mean body fat content of the selec-
ted birds would have been progressively higher (Table 4). However increasing the 
degree of sensitivity of selection of birds with low triglyceride concentrations would 
not have improved the effectiveness of selection of leaner birds. Thus the mean body 
fat content of birds with plasma triglyceride concentrations of less than 056 moles/ml 
was greater than that of those with plasma triglyceride concentrations of less than 
079 moles/ml (123 and 115 g/kg respectively). 
Many of the selected birds had plasma triglyceride concentrations between 080 
and 1-70 moles/ml when these were measured at 61 d of age, indicating a considerable 
day-to-day variation. Use of the mean of the two measurements of plasma triglyc-
eride concentration as the basis of selection would have had little effect on the 
selection of fat birds but would have improved the selection of leaner birds consider-
ably (Table 4). If the selected groups had contained 3% of the total population, 
TABLE 3 




Males (n = 35) 
Body fat (%) TG' 	 0.50** 
Body fat (%) : (VLDL+LDL) TG 2 
Body fat (%) body weight 	 001 
rG: body weight 	 011 
VLDL+LDL) TG: body weight 
VLDL + LDL) TG: TG 
Experiment 2 Experiment 3 
Males (n = 75) Males (n = 71) Females (n = 71) 
6.37** 0.39** 033 
0.45** 0.41** 0.31** 
0.48** 020 0.33** 
005 007 —001 
0.30** 004 0.04 
0.90** 0.90** 0.89** 
** P<o.o1. 
TG: total plasma triglyceride Concentration. 
2 (VLDL + LDL) TG: plasma very low density lipoprotein plus low density lipoprotein triglyceride concentration. 
TABLE 4 
Carcass characteristics of birds selected from 550 male broilers on the basis of high and low plasma very low density and low density lipoprotein triglyceride (TG) concentrations 
Reliability of Carcass characteristics 
Criteria for selection % of total population selection' Body fat (g/kg fresh weight) Body weight (g) 
(moles TG/ml) selected (number) (%) mean± SD mean± SD 
Single measurement 
>170 8(45) 60 144±34 2475+171 
>190 5(28) 	- 64 148±31 2485±158 
>2O9 3(16) 81 159±32 2482±158 
>230 1 (6) 83 179+37 2373± 106 
<079 5(28) 82 115±28** 2393+180 
<067 3(17) 88 113±29** 2371+164 
<0•56 1 (5) 80 123±36* 2396±220 
Mean of two measurements 
>166 3(16) 62 152±36 2457±167 
>1•95 1(6) 100 182±30 2386+130 
<077 3(16) 94 103±22** 2383+142 
<062 1(6) 83 107±29** 2356+131 
At the same level of selection (e.g. 3%), the mean value of the body fat of birds with low plasma triglyceride concentration was significantly different 
(1-test) from that of birds with high plasma triglyceride concentration where indicated: *P<0 -05,  **P <001. 
'Proportion of birds with body fat contents <131 g/kg fresh weight (estimated flock mean) in groups with low plasma TG concentrations or > 131 g/kg 
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FIG.—Relationship between body fat content and triglyceride content of plasma very low density lipoprotein 
(VLDL) plus low density lipoprotein (LDL) in 72 male broilers at 8 weeks of age (experiment 2). The 
regression equation for the data shown was calculated by least squares and was: 
= 104+30(±7)x, r = 045 (P<O.Ol). 
leaner birds selected on the basis of a single measurement would have had a mean fat 
content of 113 g/kg and those selected on the basis of the mean of the two measure-
ments would have had a mean fat content of 103 g/kg. A greater difference would 
have been obtained at the 1% level of selection (123 and 107 g/kg respectively). The 
mean body weights of birds with high plasma triglyceride concentrations tended to 
be greater than those with low plasma triglyceride concentrations, but the differ-
ences were not statistically significant (Table 4). 
DISCUSSION 
The evidence that lean broiler chickens tend to have low plasma triglyceride 
concentrations suggests the availability of triglyceride is limiting the rate of fat de-
position in these individuals. Conversely a high plasma triglyceride concentration 
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appears to favour fat deposition. The fat content of the diets in the present experi-
ment was approximately 70 g/kg and dietary intake is likely to be a major factor in 
determining the amount of triglyceride in the circulation. Low plasma triglyceride 
concentration may also reflect a low rate of hepatic lipogenesis or the use of plasma 
triglycerides by tissues other than adipose tissues. 
Plasma lipid transport in immature hens and male chickens appears to be very 
similar to that in mammals, with triglyceride being transported between tissues in 
the form of VLDL and LDL (Chapman, 1980). Triglyceride forms only a small 
proportion of the total lipids of the high density lipoproteins, which are the major 
class of lipoproteins in the plasma of immature chickens, but are not directly in-
volved in triglyceride transport. Precipitation of VLDL and LDL from the plasma 
of the broilers used in experiment 3 removed about 90% of the plasma triglyceride 
(Table 2), demonstrating that very little of the circulating triglyceride was present 
in the high density lipoprotein fraction. Measurements of total plasma triglyceride 
and triglyceride content of VLDL and LDL showed similar correlations with carcass 
fat content. In contrast, precipitation of VLDL and LDL from the plasma of broilers 
in experiment 2 removed only 56% of the plasma triglyceride indicating a much 
larger proportion of the triglyceride was present in the high density lipoproteins. In 
these birds triglyceride content of VLDL and LDL showed a higher correlation with 
body fat content than did total plasma triglyceride though the difference was not 
statistically significant. When seeking correlations between plasma triglyceride levels 
and fatness in broilers it would seem advisable to measure the triglyceride content of 
the VLDL and LDL rather than total plasma triglyceride, particularly if the 
triglyceride content of the high density lipoprotein fraction is unknown. 
The distribution of the individual data points used to calculate the relationship 
between triglyceride content of plasma VLDL and LDL and carcass fat content in 
experiment 2 was typical and is illustrated in the Figure. The points were widely 
distributed but, although all birds with high plasma triglyceride concentrations 
were fat, the occasional fat bird had a low plasma triglyceride concentration. These 
concentrations are known to be depressed by starving; visibly unwell and stunted 
birds were excluded from the experiment but any temporary reduction in food intake, 
perhaps as a result of a sub-clinical disease, would result in a low plasma triglyceride 
concentration, even in a fat bird. Measuring body-weight gain over the day(s) 
prior to blood sampling might identify such birds and improve the correlation. 
Although the correlations between plasma triglyceride concentrations and body 
fat content found in experiments 1, 2 and 3 were not high, the results of experiment 4 
show that plasma triglyceride concentration could be used as a criterion for selecting 
lean and fat broilers. The results indicate that fat birds could be selected on the 
basis of a single measurement of plasma triglyceride concentration. Selection of 
lean birds was more successful if the mean of two measurements was used as the 
selection criterion (Table 4). This improvement was largely due to the exclusion 
(from the selected group) of fat birds with temporarily low plasma triglyceride con-
centrations and this suggests the correlations obtained in the earlier experiments 
could have been improved if blood samples had been taken on more than one oc-
casion. The correlation between plasma triglyceride concentration and body fat con-
tent may also be affected by the fat content of the diet. These possibilities are 
currently under investigation. 
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A turbidimetric assay for plasma very low density lipoproteins 
(VLDL) was developed, based on their selective precipitation with heparin 
and Mg2+. 
Measurements of plasma VLDL concentration using the turbidi-
metric method showed a correlation of 0-98 with plasma VLDL plus low 
density lipoprotein triglyceride concentration estimated chemically. 
Correlations between plasma VLDL concentration measured 
turbidimetrically and body fat content were similar to or higher than those 
obtained previously using a chemical assay. Correlations for broiler 
grandparent stock fed on a low-fat diet were 0-70 and 0-65 for males and 
females respectively. 
Turbidimetric measurement of plasma VLDL concentration 
provides a simple, rapid and effective method of estimating fatness in live 
broilers that could be applied to commercial broiler breeding programmes. 
INTRODUCTION 
We have shown that plasma triglyceride concentrations in broilers are suf-
ficiently well correlated with body fat content to be used as an indirect means of 
selecting lean or fat broilers (Griffin et al., 1982; Whitehead and Griffin, 1982). 
The triglyceride in the plasma of immature chickens is present in three distinct 
fractions; very low density lipoproteins (VLDL) containing triglyceride-rich 
particles of both intestinal (portomicrons) and hepatic origin; low density lipo-
proteins (LDL) and high density lipoproteins. Only the triglyceride present in 
VLDL is readily available for uptake into adipose tissue and plasma VLDL. tri-
glyceride concentration should therefore be more closely correlated with fatness 
than total plasma triglyceride concentration. In our previous studies we used an 
assay in which VLDL plus LDL were precipitated with dextran sulphate and 
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MnI+ and their triglyceride was measured fluorimetrically as the best available 
method of estimating plasma VLDL triglyceride concentration. This showed that 
such measurements were indeed more closely correlated with body fat content than 
was total plasma triglyceride concentration. However, the processing of large 
numbers of samples by this procedure was considered too time consuming and tedious 
to be applicable to a practical breeding programme. The present paper describes 
the development of a simple and rapid turbidimetric assay for plasma VLDL and 
its application in predicting fatness in broilers. 
MATERIALS AND METHODS 
Studies on the optimal conditions for selective precipitation of VLDL with 
heparin and MgI+ were performed on plasma from 7- to 8-week-old broiler grand-
parent stock (D. B. Marshall Ltd, Newbridge) reared on a diet containing a rela-
tively low (about 25 g/kg) concentration of fat (Whitehead and Griffin, 1982). 
Blood was removed from the wing vein, mixed with 50 g EDTA/litre 015 M NaC1 at 
pH 74 to give a final concentration of about 2 mg EDTA/ml, and stored in ice. 
Plasma was prepared by centrifuging blood samples at 1 000 g for 10 mm. Any fat 
floating at the surface was gently dispersed in the plasma before its removal from the 
sedimented cells. Plasma was normally stored at 0 to 4 °C prior to analysis. 
VLDL plus LDL were precipitated from plasma with dextran sulphate and 
MnI+ and their triglyceride content was determined as described previously 
(Whitehead and Griffin, 1982). VLDL were removed from plasma by centrifuging 
at 100000g for 20 h at 10 °C. Heparin (Na salt, 159 U/mg, purified from porcine 
intestinal mucosa) was bought from Sigma London Ltd, Poole. Other chemicals 
were Analar grade. The heparin/Mg 2+ reagent (0.25 g heparin/litre 150 mm 
MgC12, 154 m'vi NaCl, 10 mm Tris.HC1 at pH 74) was prepared freshly each week 
and filtered before use. 
The relationship between plasma VLDL concentrations (as determined 
turbidimetrically) and body fat content was investigated using the same birds and 
blood samples as in the experiment described in the accompanying paper (White-
head and Griffin, 1982). 
RESULTS AND DISCUSSION 
Development of assay 
Studies with human plasma have shown that VLDL and LDL can be selectively 
precipitated with heparin and Ca 2+  or Mg2 and this has been used as the basis for 
the turbidimetric assay of these lipoproteins for clinical investigations (Lopez et al., 
1971). Heparin is thought to interact with apolipoprotein B which is common to 
VLDL and LDL but absent from other plasma fractions. Preliminary studies 
showed that heparin and Mg 2+ selectively precipitate VLDL and LDL from plasma 
of broilers. The turbidity produced with most plasma samples was due primarily 
to precipitation of VLDL, but in some samples a substantial proportion was a result 
of precipitation of LDL. However, precipitation of LDL could be suppressed by 
increasing MgCl 2 concentration (Fig. 1A). At 150 mm MgCJ 21  turbidity produced 
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by precipitation of VLDL was largely independent of heparin concentration in the 
range 01 to 2 g/l and even the higher heparin concentrations failed to precipitate 
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FIG. I.—Effect of MgC1 2 concentration (A) and heparin concentration (B) on selective precipitation of very 
low density lipoprotein (VLDL) and low density lipoprotein (LDL) from broiler plasma. Assays were 
performed by the standard procedure described in the text. Turbidity in plasma(*) was due to precipitation 
of VLDL and LDL and in VLDL-depleted plasma (0) to precipitation of LDL. 
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Assay procedure 
The standard manual assay developed from these observations was as follows: 
02 ml plasma was diluted with 4 ml 025 g heparin/litre 0150 M MgCl2, 0154 
M NaCl, 10 mitt Tris.HC1 at pH 74 and absorbance at 540 nm was read after 
30 min at room temperature (20 to 22 °C). Absorbance (turbidity) was directly 
proportional (r = 0.98) to the triglyceride content of VLDL plus LDL determined 
fluorimetrically after selective precipitation with dextran sulphate and Mn 2 
(Whitehead and Griffin, 1982) over the whole range of VLDL plus LDL concen-
trations found in plasma of broilers (Fig. 2). Moreover the relationship was equally 
good when the turbidimetric assays were performed on plasma samples stored at 
4 °C for 24 h or frozen at —20 °C for 1 week. Absorbance of plasma samples diluted 
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FIG. 2.—Relationship between turbidimetric and chemical methods for estimating very low density lipo-
protein (VLDL) concentration in broiler plasma. Absorbance at 540 nm was measured after dilution with 
heparin and Mgs+  reagent as described in the text and compared with the triglyceride content of plasma 
VLDL plus low density lipoprotein following their selective precipitation with dextran sulphate and Mn 2 . 
The turbidimetric assay could be readily automated and the flow diagram of a 
system using Technicon Autoanalyser equipment is shown in Fig. 3. In the auto-
mated procedure a standard plasma sample and saline blank were included every 10 
or 12 samples, allowing up to 40 test samples to be processed per hour. Correlation 
between the turbidimetric and chemical assays of plasma VLDL concentration was 
as high using the automated method as with the manual assay (r = 098). Although 
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FIG. 3.—Flow diagram of automated method for turbidimetric assay of very low density lipoproteins in 
plasma of broilers. 
VLDL concentration as determined by the turbidimetric method is expressed in 
arbitrary units, these can be converted to absolute values by preparing a standard 
curve as illustrated in Fig. 2. 
Application of assay to prediction offatness 
The relationship between plasma VLDL concentration as assayed turbidi-
metrically (by the automated procedure) and body fat content was examined in 
7-week-old broiler grandparent stock fed on diets containing about 25 or 90 g 
fat/kg. The correlations obtained (Table) using the turbidimetric assay were 
TABLE 
Phenotypic correlations between plasma very low density lipoprotein concentration, as assayed turbidimetrically, 
and fatness in broiler grandparent stock at 7  weeks of age 
Phenotypic correlation 
High-fat diet 	Low-fat diet 
Males Females Males 	Females 
Based on first measurement 	046 	0.33** 	0.60*** 0.53*** 
Based on second measurement 0.47*** 0.42*** 0.65*** 0.56*** 
Based on mean of two measurements 0.51*** 0.49*** 	0.70*** 0.65*** 
There were 70 birds in each group. Details of the diets, husbandry conditions and experimental protocol 
are as described by Whitehead and Griffin (1982). 
P<001, ""' P<0•001. 
23/4—c 
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similar and in most cases slightly higher than those obtained using the more compli- 
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FIG. 4.—Relationship between plasma very low density lipoprotein Concentration (mean of two determin-
ations per bird using the turbidimetric assay) and body fat content in female (A) and male (a) broiler grand-
parent stock at 7 weeks of age. The birds were fed on a diet Containing about 25 g fat/kg. For details of 
diet and experimental procedure, see Whitehead and Griffin (1982). Regression equations for absorbance at 
540 nm (y) on body fat Content (x), calculated by least squares analysis were: 
females,y = —0027+000061 (±000012) x, r = 065 (P<0.001) 
males,y = —0032+000076 (± 0-00011) x, r = 070 (P< 0-001). 
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concentration (Whitehead and Griffin, 1982). The distributions of individual 
data points for the two groups of birds fed on the low-fat diet are shown in Fig. 4. 
CONCLUSIONS 
Selective precipitation with heparin and MgI+  provides an accurate method 
for estimating VLDL concentration in broiler plasma which can be used success-
fully for predicting the fatness of live birds. The turbidimetric assay is sufficiently 
simple, inexpensive and reliable to be used in a large scale breeding programme. Its 
use as the principal selection criterion in the breeding of lean and obese lines of 
broilers is currently under investigation. 
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The relationships between plasma very low density lipoprotein 
(VLDL) plus low density lipoprotein (LDL) triglyceride concentrations at 
3 and 7 weeks of age and body fat content at 7 weeks were studied in male 
and female broiler grandparent stock fed on diets containing about 25 
or 90 g fat/kg. 
Plasma VLDL plus LDL triglyceride concentrations were similar in 
males and females and only slightly higher in birds fed on the high-fat diet. 
Concentrations at 3 weeks were similar to those at 7 weeks. 
Body fat content was correlated more closely with plasma VLDL 
plus LDL triglyceride measured at 7 weeks than at 3 weeks. 
Phenotypic correlations between body fat content and plasma 
VLDL plus LDL triglyceride concentrations at 7 weeks were 047 and 
043 for males and females respectively fed on the high-fat diet and 070 and 
060 for males and females fed on the low-fat diet. 
Phenotypic correlations between body fat content and measure-
ments with an abdominal caliper were 035 and 049 in birds fed on the 
high- and low-fat diets respectively. 
A possible procedure for selecting for leanness in broiler breeding 
programmes on the basis of measurements of plasma VLDL plus LDL 
triglycerides is discussed. 
INTRODUCTION 
A previous study (Griffin et al., 1982) has shown that the plasma very low 
density lipoprotein (VLDL) plus low density lipoprotein (LDL) triglyceride con-
centration is related to the total body fat content of male and female broilers at 
8 weeks of age and can be used as a basis for the selection of lean and fat birds. In 
that study broilers were fed on a diet containing 73 g fat/kg and plasma triglyceride 
concentrations were measured when the birds were 8 weeks old. However, these 
conditions may not have been the best for efficient selection. A further experiment 
was therefore carried out to determine the effect of dietary fat content on the 
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relationship between plasma VLDL plus LDL triglyceride concentration and body 
fat content and to examine whether body fat content could be predicted from 
measurements of plasma triglyceride concentrations made when the birds were 
younger. 
While this experiment was in progress, a method for predicting abdominal 
fatness based on a caliper measurement was described (Pym and Thompson, 1980). 
A similar caliper was made and the physical method for predicting body fat content 
was compared with the biochemical method. 
MATERIALS AND METHODS 
Diets and husbandry 
Diets containing high (about 90 g/kg) or low (about 25 g/kg) concentrations of 
fat were fed as pellets. Formulation of the diets to the same content of protein and 
metabolisable energy necessitated the inclusion of some purified ingredients in the 
low-fat diet (Table 1). 
The birds used were a strain of male line broiler grandparents obtained at 
1 d old from a commercial hatchery (D. B. Marshall Ltd, Newbridge). They were 
TABLE 1 
Composition of rearing diets 







Soyabean meal (440 g protein/kg) 
Maize starch 







Vitamin and mineral supplement' 
Analysis (per kg air dry) 
Determined crude protein 
N x 625 (g) 
Determined ether extractives (g) 
Calculated metabolisable energy 
NJ)  
0-4 weeks 4-7 weeks 0-4 weeks 4-7 weeks 










3 2 1 1 
16 16 13 13 
23 27 12 12 
4 6 3 3 
5 5 5 5 
235 198 230 192 
91 86 28 24 
12•7 12•7 124 12•4 
FPD 950, Food Production Developments Ltd, Kilburn High Road, London. 
'320 g animal fat and 680 g exploded (puffed) wheat/kg (Edward Baker Ltd, Bathgate, West Lothian). 
'Supplied per kg diet: copper 36 mg, iodide 04 mg, iron 80 mg, magnesium 300 mg, manganese 
100 mg, zinc 50 mg, retinol 600 jig, cholecalciferol 15 sg, x-tocopherol 17 mg, menaphthone 13 mg, riboflavin 
4 mg, nicotinic acid 28 mg, pantothenic acid 10 mg, biotin 50 jig. 
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housed in floor pens (3.72 m 2) containing a deep litter of wood shavings, 35 birds per 
pen, and kept on a 23-h photoperiod with lights off between midnight and 01.00 h. 
Food and water were freely available at all times. 
Procedure 
Each diet was fed to 70 chicks of each sex. At 3 weeks of age the birds were 
weighed and a blood sample (2 ml) was taken from each bird. The procedure at 
7 weeks was more complex. All birds were weighed at 48, 49, 51 and 52 d of age. 
Blood samples (4 ml) were taken from all females on day 48 and again on day 51 
and from males on day 49 and again on day 52. The birds were then fasted over-
night, abdominal tissue thickness was measured with the caliper and the birds were 
killed for carcass analysis. 
Methods 
The methods for taking blood samples and for measuring body fat content 
have been described (Griffin et at., 1982). VLDL plus LDL were precipitated from 
05 ml aliquots of plasma by addition of 45 ml of a mixture containing 02 g dextran 
sulphate/litre of 50 mm MnCl 21  154 mivi NaCl and 10 mm Tris.HC1 at pH 74 
(Burstein et al., 1970). Dextran sulphate (molecular weight 40 000) was bought 
from BDH, Poole. After 30 min at room temperature precipitated material was 
recovered by centrifuging at 1000 g for 10 min and resuspended in 02 ml NaHCO 3 
solution (100 gIl).  Triglyceride content was determined by the method of Kessler 
and Lederer (1965) as modified by Noble and Campbell (1970). 
The abdominal caliper was made according to the design of Pym and Thompson 
(1980) and was used in the way they described. The values analysed were the 
means of left and right sides. 
Analysis of data 
Group means were compared by diet and by sex by analysis of variance and 
correlation coefficients were calculated for the relationships between carcass fat 
contents and the other characteristics measured. Data from stunted birds or birds 
losing weight at 7 weeks of age were excluded from the statistical analyses. 
RESULTS 
Values from the various body and plasma characteristics are given in Table 2. 
For each sex, neither body fat content nor live body weight at 7 weeks of age was 
affected by dietary fat content. Although females were significantly (P <0-001) 
fatter than males, there was little effect of sex on plasma VLDL plus LDL tri-
glyceride concentrations. The plasma VLDL plus LDL triglyceride concentrations 
at 3 weeks in birds fed on the high-fat diet were higher in females than in males 
(P < 0.001) but there was no significant differences in the same birds at 7 weeks 
or in birds fed on the low-fat diet. 
The large difference in the fat content of the diets had only a small effect on the 
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TABLE 2 
Plasma lipoprotein concentrations at 3 and 7 weeks and body weight, body fat content and abdominal caliper measurements at 7 weeks in male and female 
broilers fed on diets of different fat content 
Means ± standard errors Significance of effects 
High-fat diet 	 Low-fat diet Diet Sex 
Males 	Females 	Males 	Females Males Females High-fat Low-fat 
Body weight (kg) 224±004 	193±002 	231 ±0-03 	197±002 NS NS *** *** 
Body fat content (g/kg fresh weight) 1356±3-7 160-3±3-2 135-0±39 166-9±3-9 NS NS ** *5* 
Plasma (VLDL + LDL) TG 1 
("moles/ml): 
at 3 weeks old 071±0-04 	087±003 	063±003 	068±003 * ** NS 
at 7 weeks old 
1st measurement 0-76±0-04 	082±004 	076±005 	073±005 NS NS NS NS 
2nd measurement 074±0-04 0-82±004 0-65±0-03 0-68±0-03 * *0 NS NS 
Mean of two measurements 0-75±0-03 	0-82±0-03 	071 ±0-03 	0.71+0.04 NS * NS NS 
Mean of abdominal caliper thickness 
(mm) 312±0-11 	3-49±0-12 	362±013 	432±013 *5* * 
NS: not significant; 0P<0•05, 0 P<0•0I, 505P<0001. 
Very low density lipoprotein plus low density lipoprotein triglyceride. 
concentrations of circulating triglyceride. Plasma VLDL plus LDL triglyceride 
concentrations were slightly higher in birds fed on the high-fat diet but the differences 
were significant only in measurements taken at 3 weeks of age and in some measure-
ments at 7 weeks. 
Abdominal caliper measurements were affected significantly by both diet and 
sex, being larger in females and birds fed on the low-fat diet. 
Correlations between body fat content and plasma triglyceride concentrations 
and abdominal caliper measurements are given in Table 3. In general, plasma 
triglyceride concentrations measured at 3 weeks were not so well correlated with 
body fat content as those measured at 7 weeks. At the later age, single measure-
ments of plasma triglyceride concentration were significantly (P < 0.01) correlated 
with body fat content in both sexes fed on the different diets. However correlations 
involving the mean of two plasma measurements were higher in all cases. Corre-
lations involving both single and mean triglyceride values were slightly higher in 
males. There was a marked effect of diet on the correlations involving plasma 
TABLE 3 
Phenotypic correlations of plasma lipoprotein concentrations at 3 and 7 weeks of age and abdominal caliper measurements at 
7 weeks with body fat content of 7-week-old male and female broilers fed on diets of different  fat content 
Phenotypic correlation with carcass fat content 
High-fat diet 	Low-fat diet 
Males Females Males Females 
Plasma (VLDL+LDL) TG 1 at 3 weeks 011 0.550* 0.360* 0.39*0 
Plasma (VLDL+LDL) TG at 7 weeks 
1st measurement 041*0 0.27* 0.64*** 0.50*** 
2nd measurement 0.41** 0.41*** 0.54*0* 0.47*0* 
Mean of two measurements 047*** 0.43*** 0.70*0* 0.60*0* 
Abdominal caliper 0-15 055°°° 0-52°°° 0.45*0* 
° P<005; °° P<0-01; °°° P<0-001. 
Very low density lipoprotein plus low density lipoprotein triglyceride. 
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triglyceride concentrations measured at 7 weeks. These correlations were signifi-
cantly (P < 0.01) higher with birds fed on the low-fat diet. 
The abdominal caliper measurement was significantly (P < 0001) correlated 
with body fat content in three of the groups but the correlation in males fed on the 
high-fat diet was low and not significant. 
DISCUSSION 
The birds grew equally well and had similar body fat contents on both diets. 
The observed differences in circulating lipid concentrations and their relationships 
with body fat content can therefore be attributed directly to differences in dietary 
fat content. The mean correlation coefficient of single measurements of plasma 
triglyceride at 7 weeks for both sexes fed on the high-fat diet was 037, a value very 
similar to those reported previously by Griffin et al. (1982) in birds fed on a diet 
containing 73 g fat/kg. In contrast, the lower circulating triglyceride concentrations 
resulting from feeding the low-fat diet were correlated more closely (r = 0.54) with 
body fat content. Feeding diets rich in fat is known to depress hepatic lipogenesis 
in chickens (Yeh et al., 1970) and it is probable that the plasma of birds fed on a 
high-fat diet contains a greater proportion of circulating triglyceride of dietary 
origin in the form of portomicrons (Bensadoun and Rothfeld, 1972) than does 
plasma from birds fed on a low-fat diet. In the latter, most of the triglyceride is 
present as VLDL of hepatic origin. Dextran sulphate and Mn 2 precipitate both 
hepatic VLDL and portomicrons. However portomicrons have a shorter half-life 
in the plasma than VLDL (Bensadoun and Kompiang, 1979) and variations in food 
intake, caused for example by disturbance in the poultry house during blood 
sampling, are likely to cause greater and more rapid variations in plasma triglyceride 
concentrations in birds fed on a high-fat diet than in those fed on a low-fat diet. 
Such variation will inevitably obscure the relationship between plasma VLDL plus 
LDL triglyceride concentration and body fat content. 
The correlations with body fat content were not so consistent when plasma 
triglyceride concentrations were measured at 3 weeks of age. In three out of the 
four groups, correlations were statistically significant (P <0.01) but not so high as 
when triglyceride concentrations were measured at 7 weeks of age. In the fourth 
group, males fed on the high-fat diet, the correlation was not significant. 
Results from a previous study (Griffin et al., 1982) suggested that a better 
indication of body fatness was obtained from the mean of two measurements of 
plasma trigylceride concentration than from a single measurement. This was 
confirmed in the present experiment. Thus with the low-fat diet, the correlation 
coefficients involving the mean of plasma triglyceride measurements made on two 
different days were 070 and 060 for males and females respectively, compared with 
mean correlations of 059 and 049 for single measurements. These differences 
perhaps arise from the behaviour of the birds since plasma triglyceride concen-
trations are depressed during fasting. The birds were allowed continuous access 
to food, but it is possible that variation in the pattern of food intake of individuals 
results in fluctuations in plasma triglycerides. A measurement on two occasions 
may thus reduce the influence of such variations. 
A more serious problem is the apparently healthy bird which has a reduced food 
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consumption, perhaps as a result of subclinical illness. Such a bird would have a 
low plasma triglyceride concentration irrespective of its body fat content. To 
identify such individuals, all birds were weighed over the 5-d period when blood 
samples were taken. Three birds were found to gain little or to lose weight over 
this period: all had low plasma triglyceride concentrations and two had higher than 
average body fat contents. Data from these birds were excluded from the analyses. 
Pym and Thompson (1980) found a correlation of 080 between the abdominal 
caliper measurement and abdominal fat in broilers. The correlation between 
abdominal fat and total body fat is about 06 (Becker et at., 1981). Thus the corre-
lation of about 05 observed between the caliper measurement and total body fat in 
three groups in the present experiment is highly consistent with these other obser-
vations. In the fourth group, males fed on the high fat diet, the correlation was low 
and not significant. 
The mean caliper measurements were similar to the values reported by Pym 
and Thompson (1980). Interestingly, the readings for birds fed on the high-fat diet 
were significantly (P<0.01) lower than for those fed on the low-fat diet in both 
sexes. Feeding vegetable oils rich in unsaturated fatty acids is known to increase the 
unsaturation of adipose tissue lipids (Sell et al., 1968) and the observed difference in 
caliper measurement may thus reflect differences in compressibility of the abdominal 
fat pad. 
The results of the experiment suggest that the best prediction of the body fat 
content of a 7-week-old broiler can be obtained by measuring plasma triglyceride 
concentration in fed birds at 7 weeks of age. The prediction is enhanced when the 
birds are fed on a low-fat diet and the measurement is made on two separate 
occasions. It should be sufficiently accurate to form the basis for selection for 
leanness in commercial breeding programmes, although the applicability of the 
procedure is in part limited by the relative complexity of the analytical procedures 
involved. The accompanying paper (Griffin and Whitehead, 1982) describes a 
simplified technique for the estimation of plasma triglycerides. 
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Abstract 1. Plasma very low density lipoprotein (VLDL) concentra-
tions were measured in two groups of male turkeys at 18 or 20 weeks of age 
and one group of female turkeys at 16 weeks of age. Values were similar to 
those of broilers at 7 weeks of age. 
Carcase analysis was performed on the birds in each group with mean 
plasma VLDL concentrations in the upper and lower 10 percentiles. In each 
group the birds with the lowest plasma VLDL concentrations had signifi-
cantly less abdominal and/or total fat than those with the highest 
concentrations. 
The results indicate that plasma VLDL concentration can be used as an 
indirect method of estimating fatness in male and female turkeys. 
INTRODUCTION 
The requirements of processors selling whole turkeys are different from those 
producing turkey meat. Turkeys for the whole-bird mark 
and easily fattened, whereas turkeys to be cut up for meat production should be large 
and lean to maximise carcase yield and minimise processing costs. At present these 
different requirements can be met partly by exploiting the sex differences in size and 
body composition of turkeys, the smaller, fatter hens being sold as whole birds and the 
larger, leaner stags being used for cutting up. The increasing importance of meat 
production to the turkey industry is, however, likely to create a demand for specialist 
breeds of larger turkey in which both males and females are cut up (Gilliat, 1983). 
Unfortunately, further genetic selection for rapid growth in turkeys is likely to be 
accompanied by increases in fatness (Nestor, 1982), as previously demonstrated for 
chickens (Ricard and Rouvier, 1969; Proudman et al., 1970) and quail (Sadjadi and 
Becker, 1980). Breeders aiming to produce larger turkeys should therefore minimise 
any tendency to deposit more fat. Fatness in chickens is highly heritable and the 
potential for breeding leaner broilers has been demonstrated by Leclercq et al. (1980) 
using sib analysis to identify lean or fat families. A similar approach to breeding leaner 
turkeys would be very costly, and there is a clear need for a simple method of 
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identifying lean or fat turkeys that could be used with live birds in a commercial 
breeding programme. 
Most fat deposited in chickens and turkeys is synthesised in the liver and trans-
ported in the blood to the various adipose tissue depots as triglyceride-rich very low 
density lipoproteins (VLDL; Chapman, 1980). We have previously demonstrated that 
plasma VLDL concentrations in fed broiler chickens are sufficiently correlated with 
body fat content to be an effective indirect method of selection for leanness (White-
head and Griffin, 1982; Griffin and Whitehead, 1982). In this paper we examine 
whether plasma VLDL concentration can be used as an indirect measure of fatness in 
turkeys also. 
MATERIALS AND METHODS 
Husbandry 
Turkeys were housed in floor pens (372 m 2) containing a deep litter of wood 
shavings with 7 or 8 birds per pen. Females were reared on a photoperiod of 23 h with 
lights off between midnight and 01.00 h. Males were reared on a photoperiod of 14 h 
with lights off between 20.00 and 06.00 h. Birds were fed standard pelleted commer-
cial-type breeder rearing diets appropriate for their ages containing about 40 g/kg 
ether extractable fat. Diet compositions are given in Table 1. Food and water were 
freely available at all times. 
TABLE I 
Composition (g/kg) of rearing diets fed at djffèrent ages 
Ages (weeks) 
Ingredients 	 0-4 	4-8 	8-12 	12-20 
Barley 100 100 200 
Maize 326 231 231 202 
Oats 50 100 240 
Wheat 1605 2135 214 150 
Wheat feed ... 57 
Grass meal ... ... 80 
Soyabean meal 350 260 180 50 
Herring meal 90 70 50 10 
Meat and bone meal 30 30 30 30 
Limestone flour 5 5 5 5 
Dicalcium phosphate 20 22 15 15 
Salt 3 3 3 3 
Binder' 10 10 10 10 
Choline choride 05 05 
Vitamin and mineral mixture 2 5 5 5 5 
Analyses 
Metabolisable energy (MJ) 11-7 11-5 11-5 108 
Crude protein (N(g) 2< 625) 275 238 200 135 
Diethyl ether extract 42 35 35 36 
Wafolin. 
2 Supplied (per kg diet): retinol 4000 jsg, cholecalciferol 45 zg, a-tocopherol 25 mg, menaphthone 46 mg, thia-
mine 4mg, riboflavin 10 mg, pyridoxine 5mg, cobalamin 2 pg, folic acid 2 g, biotin 01 mg, pantothenic acid 16 mg, 
nicotininc acid 50 mg, copper 42 mg, iodide 05 mg, iron 96 mg, magnesium 360 mg, manganese 120 mg, zinc 60 mg. 
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Procedure 
In previous studies with broilers (Whitehead and Griffin, 1982; Griffin and 
Whitehead, 1982) we determined overall correlations between total body fat and 
plasma VLDL concentrations, but a similar study in turkeys was considered impracti-
cal because of the cost and labour involved. Instead, plasma VLDL concentrations 
were measured at least twice on all birds in each of three groups (two male and one 
female) and carcase analysis was performed on only the birds with mean plasma 
VLDL concentrations in the upper and lower 10 percentiles. 
In experiment 1 we examined the relationship between plasma VLDL concentra-
tion and fatness in BUT Big 5 parent male turkeys (British United Turkeys, Chester 
CH3 8LV, UK). Fifty birds were reared to 20 weeks of age and blood samples were 
taken at 139, 140, 141 and 142 d of age. Selected birds were weighed and killed for 
carcase analysis 4 d later after an overnight fast. 
Experiment 2 was similar to the first, except that 60 BUT Big 5 parent males, were 
reared to 18 weeks of age and blood samples were taken on the 126 and 128 d of age. 
Fatness was estimated by measuring the weight of the abdominal fat pad in birds killed 
2 d later. 
The birds used in experiment 3 were BUT Big 5 females. 60 hens were reared to 
16 weeks of age. Blood samples were taken on the 110 and 112 d of age and total 
carcase fat and abdominal fat were determined on selected birds killed 4 d later. 
Analysis 
Blood samples were taken from birds between 10.00 and 12.00 h. The methods for 
blood sampling and for measuring body fat content have been described previously 
(Griffin et at., 1982). The abdominal fat dissected did not include the fat immediately 
surrounding the gizzard. Plasma very low density lipoprotein (VLDL) concentration 
was measured turbidimetrically and expressed in arbitrary optical density (OD) units 
TABLE 2 
Carcase fat content of turkeys selected for high or low plasma VLDL concentration 
Mean plasma 
Body weight VLDL 
Number of (kg) concentration (0135 	Units) 
Experiment 	birds Mean ± SD Mean ± SD (range) 
Total 50 ... 0120 ± 0030 (0-060-0-184) 
High VLDL 5 14-26+0-92 0170 ± 0.009 (0163-0.184) 
Low VLDL 5 1338± 1-30 0069±0009  (0060-0084) 
2 	Total 60d 0.162 ± 0.053 (0.070-0314) 
High VLDL 6 9-68+0_88 0264 ± 0027 (0.238-0314) 
Low VLDL 6 9-14+0.76 0082 ± 0.009 (0070-0095) 
3 	Total 60c ... 0187 ± 0082 (0.070-0438) 
High VLDL 6 6-88+049 .  338 ± 0056 (0294—&438) 
Low VLDL 6 642 ± 0.38*  0088 ± 0014 (0-070-0-105) 
Carcase fat content (g/kg) 








Plasma VLDL concentrations are the means of values from blood samples taken on four consecutive days (experi-
ment I) or two separate days, two days apart (experiments 2 and 3). 
Values for body weight and fat content of birds in low VLDL groups that are significantly different (t test) from 
those of birds in high VLDL groups are indicated by: * P < 005, **D < 001. 
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(Griffin and Whitehead, 1982). Preliminary results had shown a good correlation 
(r = 0.94) between turbid imetric measurements of plasma VLDL concentration in 
turkeys and the triglyceride content of VLD plus low density lipoproteins determined 
after their selective precipitation from plasma with dextran sulphate and MnCl 2 
(Whitehead and Griffin, 1982). 
RESULTS AND DISCUSSION 
Values for plasma VLDL concentrations and carcase fat content from experi-
ments 1, 2 and 3 are shown in Table 2. Plasma VLDL concentrations in male turkeys 
at 18 and 20 weeks of age and female turkeys at 16 weeks of age were similar to those 
found in broilers at 7 weeks of age (Griffin & Whitehead, 1982). The mean correlation 
between plasma VLDL concentrations in blood samples taken from the same birds on 
different days was 047 ± 012 (SD) over the 3 experiments and such a degree of 
repeatability indicates that there would be little benefit in measuring plasma VLDL 
concentration more than twice on the same individual (Falconer, 1960). 
In experiment 1 the 5 birds with the lowest mean plasma VLDL concentrations 
had significantly lower proportions of total fat than those with the highest VLDL 
concentrations. Although the leaner birds were also slightly lighter, the difference in 
weight was not statistically significant (P > 02). Similar results were obtained in 
experiment 2. The 10% of birds with the highest mean plasma VLDL concentrations 
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Fio. I—Relationship between plasma very low density lipoprotein concentrations in blood samples taken on two 
separate days from 60 turkey hens grown to 16 weeks of age (experiment 3). Values for the individuals 
subsequently killed for carcase analysis are indicated by open circles (0). Correlation coefficient, r = 0-61 (P < 
0.01). 
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Abdominal fat (g/kg body weight) 
FIG. 2—Relationship between abdominal and total fat in turkey hens. Data are from carcase analysis of the birds with 
the highest (0) or lowest (•) mean plasma VLDL Concentrations in experiment 3. The regression equation was 
calculated by least squares and was: y = 338 + 699x. 
plasma VLDL concentration. The proportions of total and abdominal fat in the turkey 
males were much lower than those found in male broiler chickens at 7 weeks of age 
(Whitehead and Griffin, 1982). 
VLDL concentrations in the plasma of turkey hens reared to 16 weeks of age were 
slightly higher than those of turkey males. The relationship between plasma VLDL 
concentrations on the first and second day of sampling is shown in Fig. 1. The 6 hens 
with the lowest mean plasma VLDL concentrations contained significantly lower 
proportions of total and abdominal fat than the 6 hens with the highest plasma VLDL 
concentrations. They were also slightly but significantly lighter (P < 0.05). The 
proportions of fat in the turkey hens were much greater, than those in the turkey males, 
and were similar to those of broiler chickens at 7 weeks of age (Whitehead & Griffin, 
1982). 
The relationship between total and abdominal fat in the selected turkey hens 
differed markedly from that found in female broiler chickens. The regression equation 
for the data in Fig. 2 (y = 338 + 699X) suggests that abdominal fat could be 
eliminated from turkey hens only if total fat were reduced to 3 or 4% of body weight. 
Data from female broilers yielded a regression equation (y = 95 + 331 X, Whtehead 
and Griffin, 1984) indicating that total fat need only be reduced to about 9.5% of body 
weight to eliminate abdominal fat. Comparing the slopes of the regression lines from 
these two studies indicates that the abdominal fat pad is a less important site for excess 
fat deposition in the turkey hen than in the female broiler. Approximately 30% of 
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additional fat in fatter female broilers was deposited in the abdominal fat pad but less 
than 15% of the additional fat was deposited there in the fatter female turkeys. 
Nevertheless, the weight of abdominal fat appears to be as reliable an indicator of the 
overall level of fatness for turkey hens as it is for broilers. 
The substantial differences in fatness of male and female turkeys with high or low 
plasma VLDL concentrations suggest that plasma VLDL concentration in turkeys is 
as closely correlated with body fat content as it is in broiler chickens (Whitehead and 
Griffin, 1982; Griffin and Whitehead, 1982). The tendency for turkeys with high 
plasma VLDL concentrations to be slightly heavier than those with low plasma VLDL 
concentrations suggests there may be a relationship between plasma VLDL concentra-
tion and body weight, unlike broilers (Griffin etal., 1982). Selection of turkeys for low 
plasma VLDL concentration and body weight would appear to provide breeders of 
turkeys with a practical method of improving growth rate without increasing body fat 
content. A possible limitation of this technique in turkey hens, however, is posed by 
early onset of sexual development of birds reared on extended daylengths. Sexual 
development in female turkeys is accompanied by major changes in lipid metabolism 
(including a dramatic elevation of plasma VLDL concentration), which are likely to 
obscure the relationship between plasma VLDL concentrations and fatness. 
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Abstract 1. Activities of lipogenic enzymes and plasma very low density 
lipoprotein (VLDL) concentrations were measured in lines of chickens with 
large differences in food conversion efficiency (FCE) and body fat. 
Hepatic activities of malate dehydrogenase [EC 1.1.1.40 (MD)] and ATP 
citrate lyase [EC 4.1.3.8 (CL)] were correlated with the proportion of both 
abdominal and total body fat (r = 0.50) but were poorly correlated with 
gain : food ratio. 
Activities of MD and CL in plasma were low and variable and were not 
correlated with any other characteristics. 
Plasma VLDL concentration was significantly correlated with the pro-
portion of abdominal and total body fat (r = 0.59), and gain :food ratio 
(r = 0.36). 
INTRODUCTION 
Concern about excessive fat deposition in broilers has prompted studies on meta- 
bolic and genetic factors related to adiposity. Although body fatness is highly heritable 
(Leclercq et al., 1980; Becker et al., 1981), there has been, until recently, virtually no 
selection for less body fat in broiler breeding programmes. The principal reason has 
been the lack of a simple and accurate indirect measure of fatness in the liver bird. 
In the chicken, synthesis of fatty acids de novo occurs almost exclusively in the 
liver, and the rate of lipid synthesis and the activity of malate dehydrogenase (oxalo- 
acetate decarboxylating, NADP) [EC 1.1.1.40 (MD)] in the liver reflects closely the 
degree of fatness (Hood and Pym, 1982). Lipid thus synthesised is transported to 
adipose tissue mainly in the form of very low density lipoproteins (VLDL) and the 
Present and permanent address: Agricultural and'Food Research Council's Poultry Research Centre, 
Roslin, Midlothian EH25 9PS, Scotland 
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concentration of these is strongly correlated with degree of fatness in fully-fed 7- to 8-
week-old broilers (Griffin et al., 1982; Whitehead and Griffin, 1982). Preliminary 
results from a breeding programme using VLDL concentration as a selection criterion 
have been described (Griffin and Whitehead, 1982a). 
The high energy content of adipose tissue means that it is an inefficient tissue to 
deposit; consequently, negative relationships between food conversion efficiency 
(FCE) and body fatness have been observed. Selection in chickens for improved FCE 
has been shown to decrease significantly total body fat (Pym and Solvyns, 1979) and 
abdominal fat (Hood and Pym, 1982). Improved FCE has, in turn, been observed in 
birds selected for leanness by sibling testing (Touchburn et al., 1981) or plasma 
lipoprotein concentration (Griffin and Whitehead, 1982a). 
The metabolic reasons for the deposition of excessive amounts of fat are not yet 
clearly defined. Hood and Pym (1982) observed that differences in rates in lipogenesis 
in individuals could not be explained by differences in food consumption and Touch-
burn et al. (198 1) and Simon and Leclercq (1982) have suggested that a glucose-insulin 
imbalance may be responsible for the increased fatness in their line selected for high 
fat. 
The object of the present investigation was to study in individual birds the 
relationships between lipogenic enzyme activities, plasma VLDL concentrations and 
aspects of performance and body composition with a view to establishing the most 
effective metabolic criteria for predicting fat content in growing birds. The studies 
were carried out on 4 selected lines of chickens widely differing in body composition, 
food consumption and FCE. Measurements of plasma glucose were also made to test 
the glucose-insulin imbalance hypothesis of Simon and Leclercq (1982). 
MATERIALS AND METHODS 
Lines 
The birds studied had been selected over 11 generations for increased 5- to 9-week 
food consumption (line F), for increased 5- to 9-week FCE (line E), for increased 5- to 
9-week body-weight gain (line W), or at random (line C). Details have been published 
of the origins (Pym, 1971), selection procedures and responses in performance traits 
(Pym and Nicholls, 1979) and physiological characteristics (Pym and Farrell, 1977; 
Pym and Solvyns, 1979; Hood and Pym, 1982) of the lines. 
Husbandry 
Chicks were reared from 1 -d-old to 28 d in an oil-fired hot water brooder unit on 
a broiler starting diet containing 70 g ether extract/kg. At 23 d of age, 28 chicks of 
each sex in each line were placed in single-bird cages with individual food troughs 
(Pym and Nicholls, 1979) and were fed a wheat meat-meal soyabean-meal diet 
containing 30 g ether extract/kg. Body weights and individual food consumption were 
measured weekly. 
Between 35 and 50 d of age food consumption and body-weight gain declined 
markedly and 15 birds died. The cause of death was diagnosed as infectious bronchitis-
nephritis with E. coli complications. On day 46 the birds were treated with a water- 
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soluble vitamin and electrolyte mixture and an antibiotic (erythromycin) and the diet 
was changed to a proprietary broiler finishing diet (Allied Feeds, Rhodes, New South 
Wales 2138) of slightly higher fat content (40 g ether extract/kg). During the eighth 
week 40 more birds were culled but the health of the remainder improved markedly 
and food consumption returned to more normal intakes. The birds grew normally 
until the end of the experiment, at which time approximately 20 birds of each sex 
remained in each line. Food and water were supplied ad libitum. 
At 72 d of age the birds in lines E and F were fasted for 4 h and samples of blood 
(1 ml) were collected for glucose analyses. On day 75, blood samples (4 ml) were taken 
from each bird for measurements of plasma VLDL and enzyme activities. Two days 
later a further sample (1 ml) was taken from each bird for plasma VLDL analysis, the 
birds were weighed, killed by cervical dislocation and liver samples were taken from 
12 birds of each sex in lines E and F for enzyme measurements. Liver enzyme 
measurements were not made on lines W and C. After storage overnight of the 
carcasses in a cold room, the abdominal fat pads were dissected, weighed and replaced 
in the carcasses which were frozen before whole body analysis. 
Analyses 
Blood samples were taken by syringe from the wing vein and treated with EDTA 
(for VLDL samples) or heparin (for glucose and enzyme samples). After centrifuga-
tion, plasma was collected and stored at - 10 °C until analysed. Plasma VLDL con-
centrations were measured using a spectrometer (Pye Unicam SP600) on plasma 
samples prepared according to the method of Griffin and Whitehead (1982b). Plasma 
glucose concentrations were measured colorimetrically by the glucose oxidase-peroxi-
dase method (GOD-PERID test kit, Boehringer). For measurement of enzyme activi-
ties, a section of liver (5 g) was homogenised (Ultra Terrax) in 25 ml of cold (4 °C) 
0- 15 M KC1 in 50 mm Tris (pH 7.4) for 20s. After filtration through cheesecloth, the 
homogenate was centrifuged at 48 500 g for 1 h at 0 T. Liver supernatants and 
blood plasma samples were assayed for NADP-malate dehydrogenase (oxaloacetate 
decarboxylating, NADP) EEC 1.1.1.40 (MD)] by the method of Hood and Allen 
(1973) and ATP-citrate lyase EEC 4.1.3.8 (CL)] by the method of Srere (1962). 
Soluble protein was determined using the procedure described by Wood (1981). Pym 
and Solvyns (1979) have described the procedures used to prepare carcasses for fat 
analyses. Fat was determined on a dried ground sample of whole body by the Foss-let 
procedure (Association of Official Analytical Chemists, 1980). 
RESULTS 
Performance and metabolic data for each sex in the four lines studied are given in 
Table 1. There were many differences in performance between lines. Line F had the 
highest proportion of both abdominal and total body fat and the poorest FCE whereas 
line E had the least fat and highest FCE. While there were large differences in body 
weight, this trait was not associated with significant differences between lines in either 
FCE or body fat. In each line, females were lighter, fatter and utilised food less 




Means and SE of performance and metabolic traits measured in both sexes in four lines of selected chickens 
Lines' 
Traits F 	 E 	 W C 
Male (21) Female (19) 	Male (17) 	Female (15) 	Male (15) 	Female (19) Male (16) 	Female (22) 
Body weight at 	1605±45' 1446±32" 1431 ±26' 1363±53' 1730±46' 1527±41" 1331 ± 5" 1122±26c 
II weeks (g) 
FCE during 	0277±010' 0267±0009' 	0•372±0•016" 	0.351 ±0017" 	0363±0016" 	0.302±0.016c 0•351 ±0016' 	0289±0'013' 
11th week 
Total fat 	 156+4-71 191 ± 47' 	93 + 5-2 b 	Ill + 5.6 b 	133 ± 38' 	142 ± 66' 125 + 4-51 	135 ± 46' 
(g/kg body weight) 
Abdominal fat 	251 ± 14' 352± 1•8 	6-5 + 1-2 b 	103 ± 14" 	163± l0' 	185 ± 15' 122 ± 13" 	153 ± 12' 
(g/kg body weight) 
Plasma VLDL 	0.145 ± 0.011 0  0156 ± 0010' 	0•089 ± 0.009b 	0090±0006" 	0.119 ± 0012' 	0126 ± 0009' 0- 124 ± 0'008' 	0131 ±0008c 
Plasma glucose 12-83 ± 0-17 1 1239 ± 0-17 1 1317 ± 023' 	1294 ± 023' . . . 	 ... . 	. 	. 
(pmoles/ml) 
Plasma MD 	 Tr Tr 	 Tr 	 Tr 	 ... 
Plasma CL 242 ± 048' 261 + 0423 	2.40 +0.603 	248 ± 029° 	... 	 ... . 
Liver MD 	56.67±3.92a 6300±3•6l° 3309±342" 4192±329" ... 	 .. 
Liver CL 3654-043° 490±0768 	2-42+ 0.19b 	316±038" 	... 	 .. 
FCE: food conversion efficiency, gain:food ratio; MD: malate dehydrogenase; CL: citrate lyase; Tr: Trace; VLDL: very low density lipoprotein (measured as 
absorbance at 540 nm after precipitation of VLDL by the turbidimetric method of Griffin and Whitehead, 1982b). 
Lines selected for either food consumption (F), food conversion efficiency (E), body-weight gain (W) or at random (C). 
2  nanomoles of substrate converted per minute per ml of plasma. 
nanomoles of substrate converted per minute per mg of soluble protein. 
Numbers in parentheses are the numbers of birds used for the measurement of each trait, except liver MD and CL for which measurements were made on 12 birds per 
group. 
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The range of individual plasma VLDL concentrations was similar to that seen in 
earlier studies (Whitehead and Griffin, 1982) and the value taken for each bird was 
the mean of the two measurements made on days 75 and 77. Following the procedure 
of Whitehead and Griffin (1982) data from three birds were discarded when body 
weight and food consumption data suggested that very low VLDL concentrations 
were attributable to depressed food intake. Plasma VLDL concentrations in line F 
were significantly (P < 0.01) higher than in line E; means for lines W and C were 
intermediate and not significantly different from each other (P > 0.05). 
Enzymic activities were measured only in lines E and F. Specific activities in 
blood plasma of MD and CL were too low and variable to be meaningful but specific 
activities were higher in the liver and showed significant differences (P < 0.05) 
between the lines. Plasma glucose concentrations in fasted birds were lower in line F 
than in line E for both sexes but the differences did not attain statistical significance 
(P > 0.05). 
Correlation coefficients between various performance and metabolic traits are 
shown in Table 2. Whilst correlations within sexes and lines were sometimes quite 
variable and seldom attained statistical significance, comparatively high and often 
significant correlations were obtained between many of the factors studied when data 
for lines and sexes were combined. The correlations between the proportions of 
abdominal and total body fat were, however, high and significant in all groups. 
Plasma VLDL concentration was strongly correlated (r = 0.59) with the propor-
tion of both abdominal and total body fat when data from lines and sexes were 
combined. These correlations were also high within lines E, F and W but were low for 
line C. Analysis of variance of the data within each sex and line showed that the slopes 
of the regressions of VLDL concentration against proportion of abdominal fat did not 
differ significantly (P> 005) but that the intercepts, especially those with lines E and 
F, did. However, because of the scatter of the data, elimination of line and sex effects 
did not improve the correlation when all data were combined. The distributions of the 
individual data points for the relation between VLDL concentration and the propor-
tion of abdominal fat are given in the figure. 
Correlations involving plasma enzymes were not calculated because of their low 
activities. However, the specific activities in the liver of both MD and CL were 
comparatively strongly correlated with the proportion of both abdominal and total 
body fat when data for all lines and sexes were combined (Table 2). Within individual 
groups, CL also showed moderate, though non-significant correlations with body fat, 
especially in the lean line E. The overall correlation between MD and plasma VLDL 
concentration was high and significant (P < 001), whereas the correlation between 
CL and VLDL, though moderately high, was non-significant (P > 005). 
FCE showed strong negative correlations with abdominal and total body fat (r = 
—048). The correlation between FCE and plasma VLDL was also negative and 
highly significant (P < 0.01). Analysis of variance indicated that the nature of this 
relationship differed significantly (P < 005) between lines: the slope of the regression 
for line F was slightly positive whereas it was negative for the other lines. Overall 
correlations between FCE and liver enzyme activities were negative, though not 
significant (P > 0.05), but the individual line correlations varied considerably. 
Overall correlations between plasma glucose concentration and body fat contents 
were negative though not significant (P > 0.05) and the individual line correlations 
tended to be low and negative. 
TABLE 2 
Correlation coefficients between various performance and metabolic traits measured in both sexes in four selected lines of chickens 
Lines' 
F E W C Lines& 
sexes 
Traits Male Female Male Female Male Female Male Female combined 
Plasma VLDL and abdominal fat 0'56 036 0.65* 054 039 071 014 032 0.590* 
Plasma VLDL and total fat 0.59* 042 040 040 049 0.68* 025 002 0.59*0 
Abdominal fat and total fat 0.85*0 0.68* 0.83** 0.86*0 0.85*0 0.680* 0.82*0 0.8600 0.920* 
Plasma VLDL and FCE 043 —014 —063 —035 012 —047 —019 —035 _03600 
FCE and abdominal fat 018 —052 —048 —034 —023 —038 047 —013 _04800 
FCE and total fat 008 —025 —056 —006 —035 —040 —012 —013 _04800 
Plasma glucose and abdominal fat 001 —016 009 —023 ... ... ... ... —027 
Plasma glucose and total fat —001 —015 024 —029 . 	. 	. . 	. 	. ... . 	. 	. —027 
Liver MD and plasma VLDL 046 038 —003 —008 ... ... ... ... 0.55*0 
Liver MD and abdominal fat 002 020 005 031 ... ... ..• ... 0.50*0 
Liver MD and total fat 012 —002 —034 014 ... ... ... ... Q4900 
Liver CL and plasma VLDL 005 012 047 0.11 ... ... ... ... 036 
Liver CL and abdominal fat 017 011 041 054 ... ... ... ... 0.490* 
Liver CL and total fat 026 033 048 053 ... ... ... 
0. 34 
... 0.54*0 
Body weight and total fat 023 047 029 058 0.66* 0. 72** 045 0.33*0 
Body weight and FCE 044 —004 —026 003 032 —034 —032 001 004 
Liver ME and FCE 052 —025 022 —044 ... ... ... ... —025 
Liver CCE and FCE 014 004 —066 —019 ... ... ... ... —032 
FCE: food conversion efficiency; VLDL: very low density lipoprotein: MD: malate dehydrogenase; CL: citrate lyase 
Lines selected for either food consumption (F), food conversion efficiency (E), body-weight gain (W) or at random (C). 
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Absorbance at 540 nm 
Fin—Relationship between plasma very low density lipoprotein concentration (mean of two deter -
minations per bird using a turbidimetric assay) and the proportion of abdominal fat in male and 
female chickens. The regression equation for abdominal fat (y) on absorbance at 540 mm (x) 
calculated by least squares analysis was: y = ll + 130 x, r = 059 (P < 001). 
DISCUSSION 
Whilst the body weights of the birds at 11 weeks were slightly less than the 
weights observed previously for the four lines at 9 weeks (Hood and Pym, 1982), the 
mean weights were in the same order as before. The proportion of total body fat was 
similar to that observed previously although the proportion of abdominal fat was 
slightly lower in some of the lines. Apart from delaying growth and, to a lesser extent, 
abdominal fat deposition, the health problem the birds experienced at 5 weeks did not 
appear to invalidate conclusions drawn from the data. Indeed health problems, which 
by their nature affect individuals to differing extents, might be expected to obscure 
metabolic and compositional relationships. Thus the large number of highly signifi-
cant correlations could be taken as confirmation of the interrelationships investigated. 
The data were consistent with the hypothesis that birds which deposit most fat are 
those which have the highest rates of hepatic lipogenesis, as judged by MD and CL 
activities, and that this is reflected in high circulating concentrations of VLDL. 
Though strongly correlated with body fat content, hepatic ME and CCE activities are 
not practical selection criteria in breeding programmes because of the need to kill 
birds. Although lipogenesis does not take place in the blood there was a possibility that 
activities of circulating MD and CL might reflect hepatic activities. This proved not to 
be the case, offering little scope for the use of these plasma enzymes as predictors of 
body fatness. - 
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Circulating VLDL concentrations were strongly correlated with the proportion 
of both abdominal and total body fat, confirming the conclusions of Griffin et al. 
(1982) and Whitehead and Griffin (1982) that measurement of VLDL could serve as a 
basis for selection for leanness in breeding programmes. The strongest correlations so 
far observed between VLDL concentrations and body fat content have been 065 to 
070 in broilers fed on a low-fat diet (20 g/kg) (Whitehead and Griffin, 1982). Several 
factors might have been expected to impair this relationship in the present experi-
ment. The birds studied had grown less well than their potential, which in turn was 
much lower than that of modern broilers, and had been fed a diet with a relatively 
high fat content (40 g/kg). Nevertheless a strong correlation was observed (r = 0.59) 
and the individual data points (Fig.) show that none of the birds with low plasma 
VLDL concentrations values had large abdominal fat pads. 
The correlations between body fat and the measurements of VLDL were gener-
ally strong within individual lines and sexes and were strongest in the lean line E. The 
correlations were comparatively weak in line C, but birds in this group showed least 
variation in individual body fat content. However the slope of the regression for this 
group was similar to the slopes for the other lines, indicating that the relationship was 
similar to those of other lines. The different intercepts suggest, however, that measure-
ments of plasma VLDL cannot be taken as an absolute measure of body fat when 
comparisons are made between strains. 
The large negative correlations between FCE and body fat when data from the 
four lines are combined are consistent with previous observations that genetically 
leaner birds utilise food more efficiently (Touchburn et al., 198 1) and that selection for 
improved FCE results in a decrease in fatness (Thomas et al., 1958; Pym and Solvyns, 
1979). Such relationships have not always been observed within lines; Wethli and 
Wessels (1973) and Pym and Solvyns (1979) found low positive phenotypic correla-
tions between FCE and fatness when measured to a given age. This contradiction stems 
from the complex association between growth, efficiency and body composition. 
Within a group of birds at the same age, large rapidly-growing birds utilise food more 
efficiently than their slower-growing counterparts (Fox and Bohren, 1954). Birds in 
the former group also tend to be fatter since they are large and physiologically more 
advanced. Thus in such cases the positive correlations between growth and efficiency 
and between growth and fatness tend to oppose the basic negative association between 
efficiency and fatness with the result that a positive correlation can be obtained. This 
apparent anomaly stems from differences in the relative contribution of maintenance 
requirements to total food intake in the slow- and fast-growing birds. 
During genetic selection for improved gain: food ratio, emphasis is placed upon 
several different physiological traits which influence digestibility and maintenance 
energy requirements (Pym and Farrell, 1977), as well as upon body composition by 
reducing the energy content of the gain, that is, by replacing fat tissue with water and 
protein in muscle. In the present study FCE was measured over the last week of the 
experiment (earlier problems with food intake made measurements over the whole 
experimental period less meaningful) but the extent of fat deposition over this period 
was unknown. Rates of fat deposition in the birds during this period are likely to have 
been relatively high after recovery from the earlier set back. If so, differences in body 
composition could account for the mainly negative correlations between FCE and fat 
within the lines. 
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The relationships between FCE and body weight, body fat and plasma VLDL 
concentrations were not consistent in all groups. Birds, especially males from the high 
food consumption line (F), differed markedly from the birds in other lines in not 
showing negative relationships between FCE and the other characteristics. These birds 
both consumed large quantities of food and voided large amounts of excreta which, in 
some cases, appeared to have been poorly digested. Prolonged selection of this line for 
high food consumption may thus have resulted in birds with defective digestive 
capacity. If this were the case, the relative contribution of body composition to 
variation in FCE would be less. 
Of the metabolic characteristics studied, plasma VLDL measurements predicted 
FCE best. The significant negative correlation between FCE and plasma VLDL 
concentration is in agreement with observations that selection on the basis of low 
plasma VLDL values produces birds which utilise food more efficiently (Griffin and 
Whitehead, 1982a). The abbreviated test for FCE in the present experiment, however, 
means that the prediction of overall FCE by plasma VLDL cannot yet be judged. 
The finding that plasma glucose concentrations were lower, though not signifi-
cantly so, in fasted birds of the fat line F than in the lean line E is not at variance with 
the hypothesis of Touchburn et al. (1981) and Simon and Leclercq (1982) that a 
glucose-insulin imbalance may be responsible for excessive fat formation in chickens. 
In our study, plasma glucose concentration clearly does not predict body fat. 
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Abstract 1. Male and female broilers of a pure line were selected over 
three generations on the basis of high or low plasma very low density 
lipoprotein (VLDL) concentration at 7 weeks of age. 
Heritability of plasma VLDL was high (h2 = 050 ± 0.08) and by the 
third generation mean values in the two lines differed by a factor of 25. 
Correlated responses to selection for low plasma VLDL included a rela-
tive decrease in abdominal fat and total body lipid and an increase in body 
protein, together with improvements in the conversion efficiences of food 
and dietary protein. 
There was no difference between the lines in 7-week body weight. 
INTRODUCTION 
Preliminary studies have suggested that plasma concentrations of very low den-
sity lipoprotein (VLDL) concentration in fed birds give a good indication of the body 
lipid content of live broilers at 7 weeks of age and could serve as a basis for genetic 
selection for leanness (Griffin et al., 1982). Subsequent studies have identified optimum 
nutritional and management procedures for such selection (Whitehead and Griffin, 
1982) and have perfected a simplified assay for VLDL so that the techniques can be 
applied commercially on a large scale (Griffin and Whitehead, 1982). A breeding 
programme was set up to study the effects of selection using this method and the 
present report describes the results over the first three generations. 
MATERIALS AND METHODS 
Outline of breeding programme 
The birds studied were from a pure line of broiler male grandparents (D. B. 
Marshall Ltd, Newbridge, Scotland). Four hundred and fifty male and 450 female 
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chicks were obtained at 1 -d-old and plasma VLDL concentrations were measured on 
two occasions when the birds were 7 weeks of age. The 16 males and 32 females with 
the highest mean plasma VLDL concentration and 16 males and 32 females with the 
lowest mean plasma VLDL concentration formed the G 0 generation of the putative fat 
and lean lines, respectively. Each of the 16 males in each line was mated with two 
females by artificial insemination and the offspring of these pairings formed the G 1 
generation. 
Subsequent generations were selected within families. Representatives from each 
family were selected from 3 or 4 flocks hatched at two week intervals. Mean plasma 
VLDL concentration varied between hatches and the effect of this was removed by 
selecting individuals on the basis of the deviation of their mean plasma VLDL concen-
tration from the mean of all the birds in the hatch from the same line. Of the original 
16 families in each line, 4 were not represented in the G 1 generation because Of 
mortality or poor fertility. There was no restriction on full sib family size and one male 
and two female offspring selected from the remaining 12 families in each line were 
mated by the method of least relationships described by Falconer (1973). Selection and 
mating of birds at the G 2 generation followed the same procedure, except that each 
half-sib family contained one male and 3 females to increase the number of chicks 
produced. Selected birds that died or proved infertile were replaced by reserves from 
the same family or by nearest relatives to maintain 12 families per line. 
Body weight was not a factor in the selection procedure with the provisos, which 
applied equally to both lines, that runts were discarded and that where two birds had 
the same plasma VLDL concentrations, the heavier was preferred. Birds with other 
obvious abnormalities, such as skeletal defects, were also excluded. 
A control line was not maintained. Instead, birds of the lean and fat lines were 
compared at each generation with chicks from the original strain provided by the 
breeders. During the period of the experiment, this strain was subject to standard 
commercial selection procedures involving intense selection for body weight which, 
however, were not thought likely to influence body composition. Nevertheless these 
birds were not true controls, and are referred to hereinafter as the commercial line. 
Selection procedure and husbandry 
Birds were housed at l-d-old in floor pens (372 m 2 ) covered with a deep litter of 
wood shavings with a maximum of 35 birds/pen and were managed as described by 
Whitehead and Griffin (1982). Thus, they were fed ad libitum on pelleted selection 
diets 1 (0 to 3 weeks) and 2 (3 to 7 weeks) formulated to contain 25 g ether extract/kg, 
the compositions of which are given in Table 1. The photoperiod was 23 h/d up to 7 
weeks. During the seventh week the body weights and plasma VLDL of individual 
birds were measured on two occasions two days apart. Birds not gaining weight 
normally and possibly not eating normally over this period were not considered for 
selection. 
Selected birds were transferred to a rearing programme involving a photoperiod 
of 8 h/d and restriction of food intake aimed at giving 20 week body weights of 30 kg 
for males and 25 kg for females. They received an increasing photoperiod when the 
youngest reached 20 weeks of age. During the laying period the birds were housed in 
individual cages and fed proprietary diets restricted according to standard procedures. 
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TABLE I 
Composition (g/kg) of the diets fed in the selection and comparative experiments 
Selection expts Comparative expts 
2 3 4 
Maize 50 50 423 505 
Wheat 596 666 105 128 
Herring meal 145 120 70 60 
Soyabean meal (extracted) 105 60 300 214 
Maize starch 30 70 . 	 . 	 . 
Isolated soya protein' 40 ... . 
Vegetable oil ... .. 50 40 
Limestone 13 13 13 II 
Dicalcium phosphate 12 12 17 21 
Salt 3 3 4 4 
DL-methionine I I 3 2 
Binder 2 ... ... 10 10 
Choline chloride (50%) 1 
Vitamin and mineral 
supplement-' 5 5 5 5 
Determined analyses 
Crude protein (N x 625) 235 184 224 186 
Ether extract 28 23 78 76 
Calculated metabolisable 
energy (Mi/kg) 124 124 129 129 
FPD 950, Food Production Developments Ltd, Kilburn High Road, London. 
2 Wafolin. 
Supplied per kg diet: copper 36 mg, iodide 04 mg, iron 80 mg, magnesium 300 mg, manganese 100 mg, zinc 50 
mg, retinol 600 jug, cholecalciferol l5 Lg, cc-tocopherol 17 mg, menaphthone 13 mg, riboflavin 4 mg, nicotinic acid 28 
mg, pantothenic acid 10 mg, biotin 50 jsg. 
Comparative experiments 
At each generation, all chicks of the lean. and fat lines from one hatch were 
assigned to a comparative experiment with birds from the commercial line. Accommo-
dation was the same as for the selection experiments and pelleted broiler-type diets 
were fed during the 0- to 3-week (diet 3) and 3- to 7-week (diet 4) periods (Table 1). 
Food consumption per pen was measured weekly. At 7 weeks the birds were weighed 
and blood samples were taken for plasma VLDL analysis. Two members of each sex 
from each family together with an equal number of commercial controls, all chosen at 
random, were fasted overnight, killed and plucked. Abdominal fat was dissected out 
and weighed. In one bird per family the fat was replaced and the carcass was frozen for 
whole-body analysis. 
Analyses 
Plasma VLDL was measured by the rapid automated turbidimetric method of 
Griffin and Whitehead (1982). Frozen carcasses were prepared for analysis as de-
scribed by Griffin et at. (1982). Lipid was extracted with diethyl ether in a Soxhlet 
apparatus. Nitrogen -in the- lipid-free residues was measured by the Kjeldahl method 
and residual ash was produced by heating at 500 °C for 16 h. 
Abdominal fat was dissected after carcasses had been stored overnight in a cold 
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room to harden the fat. Abdominal fat was defined as the pads on the inside of the 
abdominal wall and all fat surrounding the gizzard. 
RESULTS 
The results of the selection studies at each generation are given in Table 2. The 
proportions of birds selected in each line were similar over the three generations: 7 1% 
for males and 13.7% for females. Large selection differentials in the criterion, plasma 
VLDL concentration, were maintained at each generation and were similar for each 
sex but were higher in the fat line. However these differences were less apparent when 
the differentials were expressed as a proportion of the mean plasma VLDL concentra-
tions for each line. There was, in both sexes, a marked and steady change in the ratios 
of these concentrations between the two lines over the three generations. Heritability 
estimates on the G 1 generation indicated that h2 calculated by regression of offspring 
group mean value on mid-parent value was 058 ± 009 (mean ± SE) for females and 
041 ± 007 for males. 
There were no significant (P > 005) differences in body weights (Table 2) 
between the lines for either sex. At each generation the mean body weights of selected 
birds were similar to the overall means for each sex and line, as indicated by the low 
selection differentials for this trait. 
The results of the comparative experiments at each generation are given in Table 
3. The performance and body compositions of birds varied between experiments, 
possibly reflecting the different environmental conditions encountered. The G 2 com-
parison took place in mid winter and sub-optimal house temperatures may have been 
responsible for the relatively poor growth and the slightly lower levels of fat deposited. 
In contrast, the G 3 comparison took place during a period of warm weather in mid 
summer and environmental conditions were considered to favour fat deposition. The 
much larger number of birds in this experiment suggested that these data might 
provide the most accurate estimate of the growth and compositional potentials of the 
lines relative to each other. 
In the G 1 experiment significant between-line differences were apparent, the lean 
line having lower plasma VLDL concentrations (P < 0.05), lower proportions of 
abdominal fat and total body lipid (P < 0.05) and a higher proportion of body protein 
(P < 005) than the fat line in both sexes. Body weight at 49 d was identical in both 
lines, but the lean birds had superior conversion efficiences of food (FCE) and protein 
(PCE) (P < 0.05). 
Apart from body weight, all characteristics showed major differences between the 
selected lines in the G 3 generation. The lean line had lower plasma VLDL concentra-
tion (P < 0.001), lower proportions of abdominal fat and total body lipid (P < 001) 
and higher proportions of body protein and ash (P < 005). The lean line also had 
higher FCE and PCE (P < 0.05). The commercial birds were significantly (P < 005) 
heavier than the selected lines but for all other characteristics their values were 
approximately equidistant between those for the lean and fat lines. 
The relationship between the proportions of abdominal fat and total body lipid in 
birds from the G 3 generation is shown in Fig. 1. Data for lean and fat males and 
females all fitted the same regression line well and suggested that the eventual elimina-




Body weight, plasma very low density lipoprotein (VLDL) concentration and selection characteristics in successive generations of lines of lean and fat broilers fed the selection diett 
Generation G0 G 1 G 2 	 G3 	 Pooled 
- r ,-- - ,- 	 A -' 	SE 
Males Females Males Females Males Females 	Males Females z 
Body weight of flock L l•97 22l 
255 212 244 206 247 	205 	003 	
0 
at selection (kg) 2 F 253 215 241 2'05 	247 2'00 
Plasma VLDL of flock L 0127 0146 0115 0140 0055 	0077 
at selection 3 F 
0123 O'136 0193 0241 0241 0257 	0164 0177 
Proportion of flock L 004 009 012 018 006 016 
selected F 004 009 0-11 017 005 013 
Selection differential L 004 —005 013 006 007 0 
for body weight (kg) F 004 0'13 008 009 012 0 
Selection differential L —0062 —0054 —0029 —0035 —0047 —0035 
for plasma VLDL 3 F 0114 0094 0.080 0076 0.100 0097 
L: lean line; F: fat line. 0 
See Table 1. 
2 Body weights were measured at 42 d (G0 males), 51 d (G 0 females), 49 d (G 1 ) and 48 d (G 2 and G3 ). Values are means over all hatches at each generation. 
Optical density units measured by the automated method of Griffin and Whitehead (1982). 












Performance and body composition at 49 d of age in successive generations of lean and fat broilers and controls fed proprietary diets 
Generation G 1 G 2 G3 
Males Females Males Females Males Females 
No. of birds L 60 (3) 60 (3) 60 (4) 60 (4) 120 (4) 120 (4) 
(pens) C 90(3) 90(3) 90(4) 90(4) 120(4) 120(4) 
F 70 (3) 70 (3) 70 (4) 70 (4) 120 (4) 120 (4) 
Plasma VLDL L 0.198 ± 00158 0.185 ± 0.013ab 0207 ± 0033 0 . 267 ± 0•030 0103 ± 0013 0 . 148 ± 0.007,  
concentration 1 C 0223 ± 0.009 0 . 237 ± 0.013 0 . 156 ± 0.017 0 . 213 ± 0. 024 0124 ± 0012 0 . 181 ± 0.028 
F 0247 ± 0014 0304 ± Ø.019b 0'222 ± 0027' 0 . 355 ± 0.024 b 0 . 193 ± 0.022b 0 . 262 ± 
0.017b 
Abdominal fat L 133 ± 	1,10b 179 ± 1.62  151 	± 	1•5 16•9 ± 16 18•2 ± 0.9ab 20•8 ± 	
1-lab 
(g/kg wet wt) C 165 ± 11 205 ± 17 145 ± 12 188 ± 11 219 ± 11 256 ± 14 
F 184 ± 12 287 ± 2.0b 16•7 ± 1•5 21•0 ± 17 269 ± 1.3b 31•4 ± 1.5b 
Total body lipid L 140 ± 5ab 167 ± 51 143 ± 51 161 ± 7 1 142 ± 4ab 161 ± 7' 
(g/kg wet wt) C 152 ± 3 180 ± 8 141 ± 6 169 ± 5 168 ± 8 192 ± 5 
F 164 ± 5 b 207 ± 4b 159 ± 3b 188 ± 5b 196 ± 5b 211 ± 6b 
Total body L 174 ± 16 167 ± 26a 174 ± 30 168 ± 31 174 ± 14 167 ± 1•4 
protein (gN/kg) C 166 ± 67 164 ± 31 175 ± 36 168 ± 24 169 ± 20 166 ± 16 
wet wt x 6.25) F 169 ± 22 156 ± 1.6b 170 ± 15 163 ± 22 163 ± 1.4b 160 ± 1.8b 
Total body ash L 298 ± 04 299 ± 0.4ab 30•7 ± 0•6 305 ± 09 310 ± 0•6 30•8 ± 
05 
(g/kg wet wt) C 293 ± 05 282 ± 08 306 ± 06 303 ± 05 297 ± 05 297 ± 05 
F 296 ± 0'8 274 ± 02 297 ± 05 302 ± 05 295 ± 07 280 ± 
04b 
Body wt L 247 ± 0.03b 212 ± 002 229 ± 0.05b 195 ± 0•03 233 ± 0.02b 214 ± 
0.02ab 
(kg) C 256 ± 002 216 ± 004 241 ± 003 203 ± 004 253 ± 005 220 ± 002 
F 246 ± 0003b 2'12 ± 001 235 ± 0•03 205 ± 001 234 ± 0.03b 206 ± 0.02b 
FCE L 0508 ± 0•019 0471 ± 0.002a 0490 ± 0•004 0'479 ± 0005 0526 ± 0-008a 0 .487 ± 0.010a 
(0-49 d) C 0 . 508 ± 0 .004 0 .475 ± 0.007 0 .500 ± 0.004 0 . 471 ± 0.006 0504 ± 0007 0471 ± 0 .002 
F 0473 ± 0.002b 0 .446 ± 0.006 b 0 . 466 ± 0.008b 0.447 ± 0014k' 0 .487 ± 0.010 0•460 ± 0.005t 
PCE L 0•401 ± 0023a 0•350 ± 0005 0•383 ± 0•010 0•368 ± 0•009 0424 ± 0.009a 0•372 ± 0•012 
(0-49 d) C 0384 ± 0.014 0 .347 ± 0.010 0 . 396 ± 0.010 0350 ± 0012 0 .397 ± 0.009 0 . 359 ± 0 .005 
F 0•363 ± 0.005 0310 ± 0010 0357 ± 0•013 0 .329 ± 0.019 0•367 ± 0. 011 0•336 ± 0008 
L: lean line; C: commercial line (see text); F: fat line; FCE: food conversion efficiency (gain in body weight relative to weight of food consumed); PCE: protein 
conversion efficiency (gain in body protein, excluding feathers, relative to weight of dietary protein consumed); VLDL: very low density lipoprotein. 
Values are means ± standard error over all the pens, or birds in the case of plasma VLDL (60 birds/group), abdominal fat (24) and total lipid, protein and ash 
(12). 
Within a trait and column, superscript "a" indicates that lean and fat lines differ significantly and "b" denotes that the line differs significantly from the commercial line 
(P < 005). 
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Fin. 1.—Relationship between abdominal fat andtotal body lipid in male (0, ) and female (el, •) broilers of the 
fat (0, •) and lean (0, ) lines at the third generation of selection. The data points represent values for one bird 
from each family. The regression equation calculated by least squares was: Y = 95 + 331X 
DISCUSSION 
The results of the selection programme have confirmed the earlier suggestions of 
Griffin et al. (1982) that plasma VLDL concentration could serve as a basis for 
selection for leanness in broilers. The heritability of plasma VLDL has been shown to 
be high (mean h 2  = 0.50) and concentrations in the two selected lines have diverged 
steadily so that after three generations of selection mean values for the fat line were 
greater than those for the lean line by a factor of 2-5 in birds fed the selection diet. The 
difference was slightly less marked when birds were fed on more conventional broiler 
diets containing greater amounts of fat, but there was still a two-fold difference 
between the lines at the third generation. Divergence of plasma VLDL was probably 
influenced only marginally by the small amount of selection for body weight, in view 
of the low correlation between these traits (Griffin et at., 1982). 
There were several correlated responses to selection for plasma VLDL. When a 
proprietary diet was fed the proportions of abdominal fat pad and total body lipid in 
the two lines diverged markedly, so that by the third generation the fat line contained 
respectively 49% and 34% more than the lean line. As suggested earlier, the commer- 






















FIG. 2—Change in the proportion of abdominal fat (0) and total body lipid (•) combined for both sexes, in fat 
(—) and lean (---) lines relative to the commercial line in successive generations. 
cial line can be regarded as a control from the point of view of body composition. Fig. 2 
illustrates the marked differences between generations in the two body fat compo-
nents, perhaps a result of environmental differences, but shows that divergence by the 
selected lines from control values was similar in either direction by the third genera-
tion. Most of the divergence occurred at the first generation when selection intensity 
was greatest, but the experiment is to continue over several more generations to 
determine to what extent these body components will be influenced by selection for 
plasma VLDL. 
In relative terms, as the fat content of the lean line diminished, two other aspects 
of body composition assumed greater importance. The proportion of protein in the 
carcass increased with the result that its mean value in each sex exceeded mean body 
lipid content, unlike the controls. Secondly, the proportion of residual ash increased in 
the lean line. The bones were not examined, so it is not known whether the lean birds 
had improved skeletal characteristics. 
The body weights of the selected lines were less than that of the commercial line 
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after three generations but the differences were consistent with improvement in the 
growth rate of the commercial birds, expected with intense selection for body weight. 
However, selection on the basis of plasma VLDL did not result in any differences 
between the fat and lean lines in 7-week body weights. Thus the group means in both 
the selection and comparative studies were similar and consistent throughout the 
experiment, in part a reflection of the low selection differentials for this trait. How-
ever, body weight was not a factor in selection, with the provisos stated previously, and 
the lack of response in body weight to selection for fatness is surprising in view of 
positive phenotypic correlations reported between body weight and fatness (Ricard 
and Rouvier, 1967, 1969; Proudman et at., 1970; Wethli and Wessels, 1973). However, 
on the basis of the evidence presented in this paper decreased body weight is not an 
inevitable consequence of selection for leanness and it may simply be that the genetic 
correlation between weight and fatness is small. 
There were important differences in FCE between the various lines, with the lean 
line showing a superior efficiency to the fat line. In the G 3 comparison, the FCE of the 
commercial line was intermediate to that of the selected lines when measured to the 
same age, and inferior by 4% to that of the lean line. This response of FCE to selection 
for plasma VLDL is consistent with observations by Whitehead et at. (1984) that 
plasma VLDL concentration was significantly (P < 0.01) correlated with FCE as well 
as with body fat content. Touchburn et at. (198 1) have also reported an improved FCE 
in lean birds selected on the basis of sibling analyses. 
As a result of the higher body protein content of the lean birds, the improvement 
in PCE was greater than the improvement in FCE. Thus in the G 3 generation the 
former was 5% better in the lean line than commercial birds, though whether or not 
dietary protein was limiting was not known. Improvements in protein utilisation in 
lean birds have also been reported by Leclercq (1983). 
The findings thus confirm the principle demonstrated by Leclercq et at. (1980) 
that selective breeding can result in leaner chickens. The plasma VLDL selection 
method presently employed is sufficiently simple to be applied on a commercial scale 
and provides an alternative to the expensive nutritional methods of controlling exces-
sive fat deposition in broilers. The leaner broilers resulting from selective breeding 
have the added economic benefit of superior FCE. It is likely that continued selection 
will result in greater improvements in leanness and FCE than those already demon-
strated but organoleptic factors may ultimately become limiting from the commercial 
point of view. Plasma VLDL concentrations are related to fatness in turkeys (Griffin 
and Whitehead, 1984) and breeding programmes based on this criterion could per-
haps increase the efficiency of meat production in this species also. 
ACKNOWLEDGEMENTS 
We are indebted to Miss K. M. Herron, MrJ. Armstrong, Miss C. E. Murnin, Mr 
R. Bernard, Mr D. Waddington and staff in the Breeding Unit and the Analytical 
Laboratory for skilled help with the various husbandry and analytical aspects of this 
study. We also thank D. B. Marshall Ltd for the gift of the birds. 
582 	 C. C. WHITEHEAD AND H. D. GRIFFIN 
REFERENCES 
FALCONER, D. S. (1973). Replicated selection for body weight in mice. Genetical Research, 22: 291-321. 
GRIFFIN, H. D. AND WHITEHEAD, C. C. (1982). Plasma lipoprotein concentration as an indicator of fatness 
in broilers: development and use of a simple assay for plasma very low density lipoproteins. British 
Poultry Science, 23: 307-313. 
GRIFFIN, H. D., WHITEHEAD, C. C. AND BROADBENT, L. A. (1982). The relationship between plasma 
triglyceride concentrations and body fat content in male and female broilers—a basis for selection? 
British Poultry Science, 23: 15-23. 
GRIFFIN, H. D. AND WHITEHEAD, C. C. (1984). Identification of lean or fat turkeys by measurement of 
plasma very low density lipoprotein concentration. British Poultry Science, (in press). 
LECLERCQ, B. (1983). The influence of dietary protein level on the growing performances of genetically 
lean or fat chickens. British Poultry Science, 24: 581-587. 
LECLERCQ, B., BLUM,J. C. AND BOYER,J. P. (1980). Selecting broilers for low or high abdominal fat: initial 
observations. British Poultry Science, 21: 107-113. 
PROUDMAN, J. A., MELLEN, W. J. AND ANDERSON, D. L. (1970). Utilisation of feed in fast- and slow-
growing lines of chicken. Poultry Science, 49: 961-976. 
RICARD, F. H. AND ROUvIER, R. (1967). Etude de la composition anatomique du poulet. I. Variabilité de 
la repartition des différentes parties corporelles chez coquelets "Bresse Pile". Annales de Zootechnie, 16: 
23-39. 
RICARD, F. H. AND ROUVIER, R. (1969). Etude de la composition anatomique du poulet. II. Variabilité de 
la repartition des parties corporelles dans une souche de type cornish. Annales de Génétique et Silection 
Animale, 1: 151-165. 
TOUCHBURN, S., Ssssor.,J. AND LECLERCQ, B. (1981). Evidence of a glucose-insulin imbalance and effect of 
dietary protein and energy level in chickens selected for high abdominal fat content. Journal of 
Nutrition, 111: 325-335. 
WETHLI, E. AND WF.ssELs,J. P. H. (1973). The associations between body fat content, thyroid activity, 
feed intake, mass gain, feed conversion and final body mass in growing chickens. AgroanimalIa, 5: 83-
88. 
WHITEHEAD, C. C. AND GRIFFIN, H. D. (1982). Plasma lipoprotein concentration as an indicator of fatness 
in broilers: effect of age and diet. British Poultry Science, 23: 299-305. 
WHITEHEAD, C. C., HOOD, R. L., HEARD, G. S. AND PYM, R. A. E. (1984). Comparison of plasma very low 
density lipoproteins and lipogenic enzymes as predictors of body fat content and food conversion 
efficiency in selected lines of broiler chickens. British Poultry Science, 25: 277-286. 
British Poultry Science (1986) 27: 317-324 
DEVELOPMENT OF DIVERGENT LINES OF LEAN AND FAT 
BROILERS USING PLASMA VERY LOW DENSITY LIPOPROTEIN 
CONCENTRATION AS SELECTION CRITERION; RESULTS OVER THE 
FOURTH GENERATION AND LACK OF EFFECT OF DIETARY FAT ON 
PERFORMANCE AND CARCASE FAT CONTENT 
C. C. WHITEHEAD AND H. D. GRIFFIN 
Agricultural and Food Research Council's Poultry Research Centre, Roslin, 
Midlothian EH25 9PS, Scotland 
Received for publication 18t1i September 1985 
Abstract 1. Comparisons were made of the performance and carcase 
composition of lean and fat broilers from the 4th generation of a 
breeding experiment which were fed diets containing 25 or 80 g 
fat/kg. 
Selection over the 4th generation resulted in continued divergence 
in the selection trait and the correlated responses of total body lipid 
and protein contents and the efficiencies of conversion of food and 
dietary protein. 
In both lines body weight, efficiency of food utilisation and total 
body lipid and protein contents were unaffected by dietary fat con-
tent. 
Tissue fatty acid composition was influenced by dietary and genetic 
factors: dietary fat increased the proportions of linoleic and oleic 
acids at the expense of palmitic, palmitoleic and stearic acids whilst 
greater body fatness increased the proportion of palmitoleic at the 
expense of linoleic acid. 
INTRODUCTION 
A breeding programme is in progress to select lean and fat lines of broiler 
chickens using low and high concentrations of plasma very low density lipopro-
tein (VLDL) in fed birds as selection criteria. After three generations, selection 
for low plasma VLDL concentration has resulted in a marked decrease in body 
fat content and substantial improvement in the efficiences of food and dietary 
protein utilisation (Whitehead and Griffin, 1984). The phenotypic correlation 
between plasma VLDL and body fatness in broilers is higher when birds are fed 
diets containing relatively low concentrations of fat (Whitehead and Griffin, 
1982) and hence birds in the breeding programme are reared on diets 
containing about 25 g ether extract/kg to enhance the efficiency of the 
selection procedure. 
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Broilers grown under commercial conditions are normally fed diets con-
taining higher proportions of fat and there are instances where broilers 
selected under abnormal dietary conditions have responded adversely when 
given conventional diets. For example, Sorensen (1980) selected broilers for 
rate of growth on low-protein diets, but found that the growth advantage of 
these birds was not maintained when they were fed a diet of normal protein 
content. Results from the present study have not so far revealed major 
differences in the responses of lean and fat broilers to diets of differing fat 
content (Whitehead and Griffin, 1984) but direct comparisons under con-
trolled conditions have not been made. The results of such a study are reported 
in the present paper. 
MATERIALS AND METHODS 
The origins of the birds and the selection procedures have been described 
by Whitehead and Griffin (1984). The chicks studied came from the 4th 
generation. They were housed from 1-d old in floor pens (3.72m2)  covered with 
a deep litter of wood shavings, 30 birds of one sex per pen. Two pens of each 
sex of each of the lean and fat lines were fed on each of two dietary treatments. 
Diet 1 was a starter diet, containing 25 g ether extract/kg used for selection 
over the four generations while diet 2 was a more practical diet, containing a 
higher proportion of fat (80 g ether extract/kg) but formulated to contain the 
same proportions of crude protein and metabolisable energy. Diets 3 and 4 
were the corresponding finisher diets fed from 21 to 49 d. The diets, fed as 
pellets, were considered to be adequate in all nutrients and their compositions 
are given in Table 1. Food and water were freely available at all times and the 
birds were reared on a photoperiod of 23 h light/24 h throughout. 
At 49 d of age, blood samples (1 ml) were taken from 15 birds per pen, 
selected at random in a fully fed state, for measurement of plasma VLDL by 
the rapid turbidimetric method (Griffin and Whitehead, 1982). All birds were 
weighed and 6 birds/pen were taken for carcase analysis as described previ-
ously (Whitehead and Griffin, 1984). Small samples of the abdominal fat pad 
were treated with methanolic 4% hydrogen chloride (produced by reacting 90 
ml of methanol with 9 ml acetyl chloride) and the relative proportions of the 
component fatty acid methylesters were determined by gas liquid chromato-
graphy. 
Data were examined by analysis of variance and the I test. 
RESULTS AND DISCUSSION 
Dietary effects 
Data concerned with the performance and gross compositional character-
istics are given in Table 2. The growth rates of the lines, the efficiencies of 
nutrient utilisation and body lipid and protein contents were unaffected by the 
dietary differences. The observed lack of effect of dietary fat on body weight 
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TABLE I 
Composition of die/s g/kg) 
Starter diets Finisher diets 
1 2 3 4 
Barley 100 100 
Maize 50 322 50 315 
Wheat 596 105 666 128 
Wheatfeed 100 
Herring meal 145 70 120 40 
Soyabean meal (extr.) 105 300 60 214 
Maize starch 40 70 
Isolated soy protein 30 20 
Vegetable oil 50 50 
DL-metllionine 1 3 1 2 
Limestone flour 13 13 13 11 
l)icalcium phosphate 12 17 12 21 
Salt 3 4 3 4 
Pellet binder 10 10 
Choline chloride (50%) 1 1 
Vitamin and mineral mix' 5 5 5 5 
Determined analyses 
Crude protein (NX625) 229 227 188 183 
Ether extract 27 79 25 80 
Calculated metabolisable 
energy (MJ/kg) 124 125 124 125 
I Supplied per kg diet: Cu 36 mg, 1 04 mg, Fe 80 nlg, 7 Mg 300 mg, Mn 100 mg, Zn 50 mg, retinol 600 pg, 
cholecalciferol 15 pg a-tocopherol 17 mg, menaphthone 13 mg, riboflavin 4 mg, nicotinic acid 28 mg, 
pantothenic acid 10 mg, biotin 50 pg. 
was particularly surprising in view of the findings of Pesti and Smith (1984) 
who, in a survey of reported broiler responses, concluded that at constant ME 
body weight gain depended upon dietary fat content. In the present study, 
body weight was higher in three groups fed the higher-fat diet but lower in the 
4th, though none of the differences was significant and the overall difference 
was minimal. - 
The activities of lipogenic enzymes have been shown to be lower in the 
lean line (Bannister et al., 1984) and, consequently, it is thought that selection 
on the basis of low plasma VLDL in birds fed a low-fat diet gives rise to birds 
with a low inherent capacity for lipogenesis de novo. Thus the provision of pre-
formed fatty acids in the diet might have by-passed this limiting characteristic 
and allowed a greater degree of fat accumulatiOn in lean-line birds. The diets 
fed in the present experiment would have differed in many respects in addition 
to their fat content, most noticeably in carbohydrate composition but also in 
amino acid composition. However, the diets were not thought to be limiting in 
any nutritional or anti-nutritional factor and it is unlikely that dietary differ-
ences other than fat, would have influenced body composition. The similarity in 
body composition of birds fed the two diets can, therefore, be taken as 
evidence that dietary fat contents, varying in the range 25 to 80 g/kg in diets 
with similar conventional ratios of protein to metabolisable energy (P:ME), do 
0 
TABLE 2 
Performance and body composition at 49 d of age in genetically lean and fat broilers fed diets of different fat content 
Line Lean 	 Fat 
Significance 
Males 	 Females 	 Males 	 Females of effect _________________ _________________ _________________ ___________ C•) 
Dietary fat (g/kg) 25 	 80 	 25 	80 	 25 	 80 	25 80 Diet Line 
Plasma VLDL 0-071±0-008 	0084±0007 	0070±0004 	0078±0008 	0233±0027 	0194±0017 	0200±0018 0228±0019 NS  
Body weight (kg) 224±002 226±003 202±002 194±003 227±002 229±003 192±004 196±002 NS NS 
Abdominal fat 
(g/kgwet weight) 165±19 	134±11 	223±14 	200±22 	354±26 	290±15 	315±19 358±19 NS 
Total body lipid 
(g/kg wet weight) 135±76 	123±46 	141±68 	148±65 	186±50 	185±83 	197±78 201 ±94 NS 
Total body protein z (gN/kgX625) 175± 14 	179± 18 	175± 17 	174±16 	169± 16 	165±22 	163±22 164±16 NS * 
Total body ash 
(g/kg wet weight) 312±05 	306± 12 	325±07 	295±08 	295±07 	287± 10 	291 ±10 264±05 * * 
Gain:food ratio tv 
(0-49 d) 0509±0006 	0532±0008 	0508±0005 	0506±0004 0475±00006 0488±0002 	0455±0011 0463±0011 NS * 	c) 
Carcase protein: 
dietary protein 
ratio' (0-49 d) 0411±0010 	0.431±0-008 	0410±0012 	0406±0006 	0362±0011 	0373±0005 	0343±0020 0350±0016 NS ** 
Gain in body protein, excluding feathers, realtive to weight of dietary protein consumed). 
VLDL: very low density lipoprotein (optical density units). 
Values are means ± standard errors for all the pens or birds in the case of plasma VLDL (30 birds/group) and abdominal fat, total lipid, protein and ash (12). 
NS: not significant; 5P<005; **p<o.ol; ***p<o.00l. 
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not influence the body fatness of broilers selected on the basis of plasma 
VLDL. 
At a more general level, there is conflicting evidence regarding the effect 
of dietary fat per se on body fatness. Both Bartov et al. (19 74) and Griffiths et al. 
(1977) reported no significant effect at constant P:ME. In contrast Deaton et 
al. (1981) observed a significant increase in total body lipid when the animal fat 
content of the diet was increased from 40 to 100 g/kg. The ME value assigned 
by the last authors to the fat (323 MJ/kg) was low in comparison to recent 
estimates of the true ME of animal fat samples ('—P35 MJ/kg, J.M. McNab, 
personal communication). If the value was indeed an underestimate, the 
greater degree of body fatness, as well as the significant response observed also 
in growth rate, could be attributed to the greater energy density of the high-fat 
diet. The results of the present experiment, where the diets were calculated to 
be isoenergetic using current ME data, support the view that dietary fat 
concentrations per se, at least up to 80 g/kg, do not influence total body lipid 
contents and that this lack of effect holds equally for birds of widely differing 
degrees of body fatness. 
Total body residual ash was the only component of gross composition to 
be significantly (P<005) affected by dietary fat content. The proportion of ash 
was consistently lower in both sexes in both lines receiving the diet of higher 
fat content. This may reflect the lower degree of mineral retention known to 
occur with diets of high fat content (Whitehead et al., 1972), even though the 
supplemental fat used in the present experiment was a readily absorbable 
vegetable oil. However, the diets were well-supplied with calcium and adverse 
effects on growth or health associated with poorer mineral retention were not 
observed in birds fed the higher-fat diet. 
As expected, adipose tissue fatty acid composition differed between birds 
fed the different diets (Table 3). Thus, the greater dietary content of the 
unsaturated fatty acids, particularly oleic and linoleic acids, was reflected in 
higher proportions of these, at the expense of palmitic and, to a lesser extent, 
palmitoleic acids, in the birds fed the higher-fat diet. 
TABLE 3 
Fatty acid composition of abdominal fat pads at 49 d of age in genetically lean or fat broilers fed diets of different fat 
content 
Dietary 
fat (g/kg) Line 16:0' 
25 Lean 296±8 
Fat 321 ±9 
80 Lean 203±10 
Fat 232±9 
Significance Diet ** 
of effect Line * 
Component fatty acids (mg/g) 
161 18:0 18:1 18:2 
106±3 58±3 445±15 95±8 
101±2 66±4 443±10 69±8 
51±3 51±2 475±18 220±10 
61±2 53±3 471±18 183±14 
NS NS NS * 
'Denotes number of carbon atoms and double bonds in fatty acid molecule. 
Values are means ± standard errors for 12 birds/group. 
NS not significant; *P<0.05; **/)<0.01 ; ***J)<0.001. 
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TABLE 4 
Responses of lines of lean (L) and fat (F) broilers at 49 d of age selected over successive generations using plasma vesy 
low density lipoprotein (VLDL) concentration as criterion 
Proportional increase (%) 
After 3 	 After 4th 	 of F relative 
Line 	generations' generation to L (males+females) 
Males Females Males Females Over first 3 Over 4th 
generations generation 
Plasma VLDL L 0.103 0.148 0.077 0-074 
+813 +1001 
F 0.193 0.262 0213 0214 
Total body lipid L 142 161 129 145 
+34-4 +62 
(g/kg wet weight) F 196 211 186 199 
Total body protein L 174 167 177 175 
53 07 (g/kg wet weight) F 163 160 167 164 
Total body ash L 310 308 30-9 31-0 
(g/kg wet weight) F 295 280 291 278 
—7-0 —1-1 
Body weight L 233 214 225 198 
—1-6 +14 
(kg) F 234 206 228 194 
Gain:food ratio L 0.526 0.487 0.521 0508 
—65 —21 
(0-49d) F 0487 0.460 0.482 0.459 
Carcase protein:dietary 1. 0.424 0.372 0.421 0.408 
—11.7 —21 
protein ratio (0-49 d) F 0.367 0336 0.368 0.347 
From Table 3 of Whitchead and Griffin (1984). 
Means of F or L lines fed 25 and 80 g dietary Lt/kg (Table 2) 
Line effects 
Apart from body weight, which was identical in the two lines, all other 
characteristics of performance or gross body composition showed significant 
differences between lines (Table 2). Adipose tissue fatty acid compositions also 
differed between lines (Table 3), with the lean line containing a relatively lower 
proportion of palmitic acid and a higher proportion of linoleic acid. These 
differences in fatty acids would have been expected between birds with 
markedly different rates of lipogenesis and indeed are consistent with the 
observations of Bartov and Bornstein (1976), who influenced total body lipid 
content by manipulating dietary P:ME. However, the similarity in the relative 
changes with the different diets suggests that the balance of lipogenesis 
between the lines was not altered greatly by the differing amounts of dietary 
fat. 
The responses to selection for plasma VLDL over the whole breeding 
experiment to date are summarised in Table 4. Since the diet effects in the 
present experiment were not significant (apart from the effect on residual ash), 
the values quoted for the 4th generation are the line means of the values in 
Table 2. When compared with data from the 3rd generation (Whitehead and 
Griffin, 1984), the results show a continuation of the earlier trends. Thus, the 
rapid rate of divergence of the selection trait has continued. This has been 
accompanied by further changes in body composition, though the rate of 
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change of these characteristics over the 4th generation has been less than the 
average rates of divergence over the first three generations. Nevertheless, 
the fat line now contains 406% more total body lipid than the lean line. 
Divergence in body fatness was approximately equal in each direction up to the 
third generation, when controls were studied. It is assumed that this situation 
has been maintained over the 4th generation, even though data in Table 4 do 
not show that the fat line actually became fatter. Absolute body lipid contents 
are observed to vary between experiments, influenced presumably by environ-
mental temperature and possibly other factors. The efficiencies of utilisation of 
food and dietary protein have continued to diverge steadily. This is consistent 
with observations by other authors that leanness in chickens is associated with 
improved food or protein efficiency (Pym and Nicholls, 1979; Leclercq, 1983). 
In contrast to these diverging characteristics, the relative body weights of the 
lines have remained little changed by the selection. 
The results of the present study show that dietary fat content, within the 
range studied, does not influence the growth characteristics of the lean and fat 
lines, even though differences in lipid metabolism between the lines are now 
considerable. Touchburn et al. (198 1) have suggested that insulin may regulate 
the differences between French lines of lean and fat broiler, but the hormonal 
basis for leanness in birds selected for low plasma VLDL concentration has not 
yet been established. 
In our birds, the efficiency of conversion of dietary protein to carcase 
protein differs markedly between the lines. Results from associated studies 
(Whitehead et al., 1986) show that there is a corresponding line difference of 
17% in the rate of amino acid oxidation. It is as yet uncertain whether these 
changes in amino acid metabolism are the consequence or cause of the other 
differences between the lines. It is likely, however, from the results of the 
present study and from the work of Leclercq et al. (1980) that a full description 
of the metabolic basis for leanness in broilers will require an understanding of 
the hormonal control of both lipid and amino acid metabolism. 
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Abstract 1. Male and female broilers from a male grandparent line 
have been selected over 8 generations on the basis of low or high 
plasma very low density lipoprotein (VLDL) concentration. This has 
given lines of lean and fat broilers. 
Plasma VLDL concentration in the two lines has diverged steadily 
and showed a 7-fold difference in the 8th generation. 
Divergence of other traits, including abdominal and total body fat, 
body protein and conversion efficiencies of food and dietary protein 
has continued but body weight has not changed with selection. 
Divergence of body composition and nutrient conversion relative 
to a commercially selected control line derived from the same origin 
as the experimental lines has been slightly greater for the fat line. 
In the lean line, females have been more responsive to selection 
with the result that body compositions of lean line males and females 
at 7 weeks have become quite similar. 
Plasma VLDL concentration decreased little in the lean line over 
the later generations and showed a lower phenotypic correlation with 
abdominal fatness than in the fat line in the 8th generation. A limit to 
selection for body fatness using this criterion may be approaching in 
the lean, but not in the fat, line. 
INTRODUCTION 
Plasma very low density lipoprotein (VLDL) concentration has been shown to 
give a good indication of body fatness of growing broilers and to be a practical 
means of selecting for leanness (Griffin et al., 1982). An experimental pro-
gramme to select for low or high plasma VLDL concentration has resulted in 
lines of lean and fat broilers (Whitehead and Griffin, 1984). Plasma VLDL 
concentrations in the two lines diverged rapidly over the first 3 generations of 
selection and lean line birds of both sexes were found to contain lower 
I . 
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proportions of abdominal and total body fat and higher proportions of protein 
than their fat line counterparts. Body weight did not differ between the lines, 
but the lean line had superior conversion efficiencies of food and dietary 
protein. Commercially-selected control birds, derived from the same origin as 
the experimental lines, had characteristics intermediate to those of the selected 
lines. The selection experiment has continued and, whilst some preliminary 
information on progress has been published (Whitehead, 1988), this paper 
reports more detailed results over a further 5 generations. 
MATERIALS AND METHODS 
Selection procedures 
The experimental lines were derived from a pure line of male grandparent 
stock (M4, D. B. Marshall, Newbridge, Midlothian). The initiation of the 
selection experiment and the procedures carried out over the first 3 genera-
tions have been described (Whitehead and Griffin, 1984). The same procedures 
were continued over the next 5 generations. These involved maintaining 12 
families, each consisting of 1 male and 3 females, in both the lean and fat lines. 
At each generation, replacement birds were selected from chicks from 3 
hatches spaced 2 or 3 weeks apart. There were usually 80 to 100 chicks of each 
sex and line in each hatch. 
The chicks were reared on standard selection diets (diets 1 and 2, White-
head and Griffin, 1984) and selection was carried out on both sexes between 6 
and 7 weeks of age. Birds were weighed and bled on two occasions, 2 days 
apart. The blood samples (1 ml) were taken from the wing vein from fully-fed 
birds and plasma VLDL was measured by the turbidimetric method of Griffin 
and Whitehead (1982). Birds were selected on the basis of showing two 
consistently high or low plasma VLDL concentrations and an adequate body 
weight gain in lean line birds over the 2 days as an indication that low VLDL 
values were not related to depressed food intakes. Body weight itself was not a 
criterion for selection. However, where two birds had equal VLDL scores, the 
heavier was chosen and abnormally small or deformed birds were not selected. 
After selection, birds were reared on a food-restriction programme. Mature 
birds were housed in cages and breeding by artificial insemination was carried 
out between families according to the method of least relationships (Falconer, 
1973). 
A control line was not maintained. Instead, whenever required, birds of 
the M4 line were obtained from the breeders. They were not true controls, as 
commercial selection for body weight had continued over the period of the 
experiment, and are therefore termed "commercial controls". 
7th generation experiment 
This experiment was carried out to compare the characteristics of body 
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composition and nutrient utilisation in the lean and fat lines at the 7th 
generation with those of commercial controls. 
Eggs from the lean, fat and M4 lines were incubated and hatched together. 
The chicks, 90 of each sex and line, were housed in floor pens (372 m 2) with a 
deep litter of wood shavings (30 birds of one sex and line in each pen). The 
birds were fed on the starter and finisher diets used in earlier comparative 
experiments (diets 3 and 4, Whitehead and Griffin, 1984). 
Food intake per pen was measured weekly (and twice during the last week) 
and the birds were weighed at 45 and 49 d. Blood samples were taken from 10 
birds selected at random from each pen at 49 d. These individuals were then 
fasted overnight and killed by cervical dislocation. The abdominal fat, pads, 
comprising the abdominal leaf fat at the fat around the gizzard, were dissected 
out and weighed. The abdominal fat pad weight was expressed as a proportion 
(X) of live body weight. From this value were calculated the proportions of total 
body lipid (1) and protein (F) using the equations Y67+415X for males, 
Y=46+514X for lean females, Y55+465X for fat females and 
P=207 - 0-24Y.  These equations have been found to describe the relationships 
between X, Y and P on the basis of studies carried out on earlier generations of 
these lines (Whitehead et al., 1990). 
Food conversion efficiency (FCE) was calculated on the basis of measured 
values for weight gain and food intake; protein conversion efficiency (PCE) was 
calculated from this on the basis of the calculated body protein content. 
8th generation experiment 
The object of this experiment was to investigate the relationships between 
plasma VLDL and body fatness in the two selected lines under the conditions 
used for selection. 
Sixty unsexed birds from each of the lines were housed in floor pens (30 
birds/pen) from 1 d old and were fed on the selection starter and finisher diets 
until 49 d of age. On days 47 and 49 blood samples (1 ml) were taken from 
'each bird for plasma VLDL analysis and the birds were weighed. The birds 
were then fasted overnight and killed by cervical dislocation. Abdominal fat 
pads were dissected out and weighed and the sex of each bird was determined 
visually. Data from birds that did not show an adequate weight gain between 47 
and 49 d were discarded on the grounds that these birds had not been 
maintaining normal food intake. 
RESULTS 
Selection characteristics 
In generations 4 to 7 it was possible to obtain a quite large selection 
differential for plasma VLDL in both lines as shown in Table 1. The differen-
tials were higher for both sexes in the fat line, and for males in both lines 
because of the smaller proportion selected. The body weights of selected birds 
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differed little from mean values in both lines, though selected fat line birds 
were consistently slightly heavier. 
TABLE 1 
Relative plasma VLDL concentrations and body weights of selected birds in successive generations of the lean and fat 
lines 
Generation 	 G4 G5 G6 G7 
Males 	Females Males 	Females Males Females Males Females 
L 	0•71 071 
Plasma VLDL 
0•70 074 070 076 0.75 0•81 
F 1-66 	184 1•65 	135 151 140 178 160 
L 	1'02 	P03 
Body weight 
1•02 	1.00 1•03 102 1•02 P01 
F 104 1•04 104 104 103 102 1•03 1•02 
VLDL, very low density lipoprotein; L, lean line; F, fat line. 
'Expressed relative to line and sex means. 
Response of plasma VLDL 
The response of plasma VLDL over successive generations is given in Fig. 
1. The same analytical equipment and procedures were used throughout, but 
variations in bird husbandry, equipment settings or reagents may have contri-
buted to some of the fluctuations in VLDL concentration observed (Fig. 1). 
Nevertheless the responses showed several consistent features. The ratio of the 
fat-to-lean line plasma VLDL concentrations showed a steady and rapid 
change. It increased at a linear rate over generations 1-6 but over the 7th and 
8th generations the average rate of increase was higher (Fig. 2). The rates of 
divergence between the lines were similar in both sexes. In absolute terms, the 
divergence between the lines was attributable mainly to a very considerable 
increase in the plasma VLDL concentration in the fat line. This rate of increase 
was not diminished in later generations (Fig. 1). In contrast the lean line 
showed very little change in mean plasma VLDL from the 3rd generation 
onwards. 
Correlated responses in 7th generation 
The correlated responses observed in the 7th generation are given in 
Table 2. 
Body weight at the age of selection (7 weeks) did not differ significantly 
between the lean and fat lines over both sexes combined, although lean females 
were significantly (P<005) heavier than their fat line counterparts. The 
commercial line control was significantly (P<005) heavier than both experi-
mental lines. 
The proportions of abdominal fat differed very significantly (P<0001) 
between the selected lines in both sexes. Sex differences in these lines were not 
significant. The commercial line showed intermediate values and a significant 
(P(0•05) sex difference. The distributions of individual abdominal fatness are 
TABLE 2 
Characteristics of 7th generation lean and fat lines and the commercial control line 
Comparison of mean 
Lean 	 Commercial 	 Fat 	 lean and fat values 
Divergence 
(relative to lower 
Measured 	 Males 	Females 	Males 	Females 	Males Females 	 value) 	Significance 
Plasma VLDL 	014±001 015±002 020±002 023±003 040±004 038±004 171 
Body wt at 
49 d (kg) 	231 ±003 	2l6±003 	273±004 	242±003 	232±004 204±003 	0.025 	 NS 
Abdominal fat 
(g/kg) 	 152±110 	146±10 	206±11 	256±13 	338±22 393±27 	145 
FCE 	 0523±0007 	0503±0001 	0485±0004 3  0480±0003  3 0.461±0-002 0433±0003 015 	 ** 
Calculated 
Total body 	 130 	 121 	 152 	 175 	 207 238 	 077 
lipid (g/kg)' 
Total body' 	 176 	 178 	 171 	 165 	 157 150 	 015 
protein (g/kg) 
PCE 	 0.422 	0.411 	0-380 3 	0.363 3 	 0333 0.298 	 032 
VLDL, very low density lipoprotein, measured as optical density units at 540 nm; FCE, food conversion efficiency (gain/food); PCE, protein conversion 
efficiency (protein gains/protein intake); NS, not significant (P>005); 	P<001; ***P<0.001. 
Values are means (± standard error) over all the pens for body weight, FCE and PCE or for 30 birds/group for plasma VLDL and body composition. 
'Calculated from abdominal fat using the equations Y67+415X (males), Y46+514X (lean females) and Y55+465X (fat females) derived by 
Whitehead et al. (1990). 
'Calculated from total body lipid using the equation P207-024Y. 

















I 	I 	I 	I 	I 	I 	I 	I 
0123456789 
Generation 
FIG. 1.—Response of plasma very low density lipoprotein (VLDL) (OD 540 nm) concentration in 
male (•) and female (0) broilers from the lean (---) and fat (—) lines over 8 generations of 
selection. 
shown in Fig. 3. The selected lines showed different distributions, with lean line 
birds of both sexes showing a much narrower range of fatness than the fat line. 
Total body lipid and protein contents, calculated on the basis of relation-
ships established earlier, differed by 077 and 015 respectively between the 
selected lines (Table 2). 
Food conversion efficiencies (FCEs) were significantly higher in the lean 
line compared with the commercial line (P<005) and the fat line (P<001). 
Sex differences were also significant in both selected lines. Because of the 
higher body protein content of the lean line, the divergence between the 
selected lines was even greater for protein conversion efficiency (PCE) than for 
FCE. 
Characteristics of 8th generation 
Results from the comparison of 8th generation birds are given in Table 3. 
There was no significant line difference in body weight in either sex. The 
proportions of abdominal fat differed significantly between the lines 
(P<0.001) and between the sexes in the fat line (P<0-05) but the sex 
differences in the lean line were not significant. Similar statistically significant 
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FIG. 2.—Ratio of plasma very low density lipoprotein (VLDL) concentration in the fat relative to 
the lean line in males (•) and females (0) over 8 generations of selection. 
differences were observed between means of plasma VLDL concentrations 
measured over days 47 to 49. 
Correlation coefficients for the relationship between the proportion of 
abdominal fat and mean plasma VLDL concentration were low and not 
significant in the lean line but were significant (P<005) for both sexes in the 
fat line. Correlations between the two measures of plasma VLDL were signifi-
cant (P<005) for lean males and fat males and females, but not for lean 
females. 
DISCUSSION 
The results of these studies show that further selection of the lean and fat 
lines for low or high plasma VLDL concentration over 8 generations has 
resulted in a continuation of the trends observed over the first 3 generations 
(Whitehead and Griffin, 1984). Divergence of the selection trait itself has been 
similar in both sexes (Fig. 2) with the rate of divergence increasing over the last 
3 generations. As a result, there is now almost a 7-fold difference between the 
lines. However, the continuing divergence has been due almost entirely to a 
very marked increase in plasma VLDL concentration of the fat line. In 
contrast, there has been little change in the mean plasma VLDL concentration 







Body wt at 	 234±006 202±003 239±004 211±004 	003 
49 d (kg) 
Abdominal fat 	 139±11 148±09 375±20 464±15 	1-92 
(g/kg) 
Mean plasma 	 008±0006 009±0004 050±005 064±003 	570 
VLDL (OD 540 nm) 
Correlation coefficients 
Abdominal fat v 	 012 015 070** 0.43* 
mean plasma VLDL 
Plasma VLDL (d 47) 	045* 017 0.61** 056** 
vs plasma VLDL (d 49) 
VLDL, very low density lipoprotein; NS, not significant (P>005); *p<0.05; **p<0.0.1 ; ***P<0.001. 
Values are means ± standard error for 30 birds. 







Mean values and correlation coefficients for plasma VLDL concentration and abdominal fatness in lean and fat lines of the 8th generation 
Comparison of mean 
Lean 	 Fat 	 lean and fat values 
Males 	Females 	Males 	Females 	Divergence 	Significance 
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FIG. 3.—Distributions of abdominal fatness in the 7th generation within males and females from 
the lean (0), fat (U) and commercial control (0) lines. 
that there is a physiological lower limit to the concentration of plasma VLDL in 
the stable fed state. Nevertheless, it was possible to maintain a consistent 
selection differential in the lean line at each generation. This obviously has had 
a physiological consequence, because abdominal fatness has continued to 
decline in the lean line. A biochemical explanation for this may lie in the 
balance between VLDL secretion from the liver and uptake into adipose tissue. 
The observed lower VLDL secretion in the lean line (H. D. Griffin, personal 
communication) could be compensated by a lower rate of uptake in progeny to 
maintain a minimum plasma VLDL concentration at the expense, however, of a 
further decrease in body fatness. 
The change in abdominal fatness relative to the commercial control in 7th 
generation birds is plotted alongside data from earlier generations (Whitehead 
and Griffin, 1984) in Fig. 4. The rates of change relative to the commercial line 
between generation 3 and 7 have been quite similar to the rates of change over 
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the first 3 generations in both the lean and fat lines. However, the overall rate 
of change has been slower for the lean line, being only about 07 that for the 
fat line. The faster growth rate of the commercial controls, and the positive 
correlation between growth rate and fatness, suggest that the divergence of the 
lean line relative to true controls might have been slightly lower. There is 
evidence, though, that this relationship has been changing in the later genera-
tions. Thus, over the 8th generation of selection, the increase in divergence in 
abdominal fatness between the selected lines was maintained, but was ac-
counted for by only a small decrease in fatness of the lean line and a relatively 
large increase in fatness of the fat line. A control group was not used in the 8th 
generation comparison, and absolute contents of abdominal fatness have varied 
from one experiment to another, presumably because of differences in envi-
ronmental factors. Hence, a comparison of the divergences of the lines relative 
to controls cannot be made for the 8th generation. Nevertheless, it is probable 
that changes in abdominal fatness are now reflecting the absolute changes in 
plasma VLDL. This would mean that a limit to selection for leanness by this 
method is being reached, but that the increase in fatness of the fat line is being 
maintained. This conclusion is supported by data (Table 2) which show little 
phenotypic correlation between plasma VLDL and abdominal fatness in lean 
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FIG. 4.—Proportions of abdominal fat relative to commercial controls in male (0) and female 
(0) broilers from the lean (---) and fat (—) lines at different generations. 
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Selection for plasma VLDL has been particularly effective in changing the 
fatness of females. This is illustrated in the individual distributions of abdomi-
nal fatness in the 7th generation (Fig. 3) which show relatively little overlap 
between females of the two lines. Indeed, in the 8th generation experiment, 
individual abdominal fatness of females (data not shown) in the two lines did 
not overlap. In contrast, there was still some overlap in males. The distribution 
patterns also differ between the lines, with the fat line showing a very wide 
range of individual fatness but the lean line in both sexes showing a much 
narrower distribution. It was noticeable that in the lean line, abdominal fat was 
not totally absent in any individuals in either sex. Selection for low plasma 
VLDL has, therefore, been particularly effective in decreasing the fatness of 
females with the result that body compositions in the two sexes at 7 weeks are 
now quite similar. This greater uniformity in body composition within and 
between the sexes in the lean line is commercially advantageous. 
The changes in abdominal fatness are reflected also in total body fatness 
which was calculated to show a 2-fold difference between the selected lines by 
the 8th generation. The proportion of total body protein, being inversely 
related to fatness, was considerably higher in the lean line. 
Body weights of the selected lines at 49 d were very similar in the 7th and 
8th generations (at about 23 kg for males and 2-0 kg for females) to the values 
reported over the earlier generations (Whitehead and Griffin, 1984). Although 
significant line differences have sometimes been observed in some groups of 
birds (cf. Whitehead, 1990), it is apparent that, overall, the selection procedure 
has not resulted in any consistent divergence between the lines. A low, positive, 
phenotypic correlation between plasma VLDL and body weight has been 
observed under experimental (Griffin et al., 1982) and commercial (C. C. 
Whitehead, unpublished observations) conditions and perhaps explains the 
marginally higher mean body weights of selected fat line birds (Table 1). 
However, this has not had any apparent genetic consequence. Nevertheless, it 
is obvious that selection solely on the basis of plasma VLDL will not allow birds 
to gain the weight that would be expected in a commercial selection pro-
gramme where there is a heavy emphasis on body weight as a selection 
criterion. Thus, the commercial controls were about 0-4 kg heavier at 49 d by 
the 7th generation (Table 2). Body weight is. too important a commercial 
consideration to be ignored, and any practical selection programme for VLDL 
must be based on a weighted index for low plasma VLDL and high body 
weight. 
FCE has continued to diverge in the selected lines, the difference in the 
7th generation being 15%. It is apparent in these lines that FCE shows a close 
inverse relationship with body fatness, and hence the divergence relative to the 
controls has not been the same in the two lines. Thus, the decrease in FCE of 
the fat line has been greater than the improvement in the lean line. Neverthe-
less, the increase in FCE in the lean line relative to controls has been almost 1% 
a generation over the first 7 generations. 
The efficiency of utilisation of dietary protein (or PCE) is a function of 
both FCE and body protein content. PCE has, therefore, diverged almost twice 
as fast as FCE and was over 30%'different between the 7th generation selected 
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lines. This demonstrates a considerable genetic effect on protein metabolism, 
and the mechanism of this is of interest. Preliminary studies have suggested 
that there is a difference in the partitioning of protein between different 
pathways in the two lines, with the lean line using less amino acids and proteins 
in oxidative and lipogenic pathways (Saunderson and Whitehead, 1987; White-
head and Saunderson, 1988). 
The results of the selection experiment confirm that selection for low 
plasma VLDL is an effective method for improving the fatness and productive 
characteristics of broilers. Alternative strategies have been described that 
involve selection on the basis of abdominal fatness (Leclercq, 1988; Leenstra, 
1988; Cahaner, 1988) or FCE (Pym and Solvyns, 1979; Leenstra, 1988). 
However, improvements in the plasma VLDL analysis method mean that large 
numbers of broilers can be readily screened and may make this procedure 
faster and more economical to carry out on a commercial scale than methods 
involving carcass analysis or direct measurement of FCE. 
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DIRECT AND CORRELATED RESPONSE TO 
SELECTION FOR DECREASED BODY FAT IN 
BROILERS 
C. C. WHITEHEAD AND H. D. GRIFFIN 
Agricultural and Food Research Council's Poultry Research Centre, Roslin, Midlothian EH25 
9PS, Scotland, UK 
Broilers are much fatter now than they were years ago and this additional fat represents 
losses to producers and consumers alike. Diet can influence body fatness, but fatness is highly 
heritable and selective breeding offers a more satisfactory and economic long-term solution to 
the problem. 
Breeding programmes for leanness have not been possible until recently because of a lack 
of suitable techniques for assessing the body fat content of live broilers. However experimen-
tal breeding programmes have now demonstrated the effectiveness of two approaches. One 
method is based on carcass analysis of siblings. A simpler technique measures plasma 
triglycerides (TG) which are related to fat synthesis and deposition. After three generations of 
selection on the basis of plasma TG, a lean line of broilers was as heavy as a fat line but 
contained 20% less fat than controls and had 4% better food conversion efficiency (FCE) and 
5% better protein conversion efficiency. It is estimated that this improvement in FCE is 
equivalent to an annual saving of £15 million in UK broiler food costs. 
Other studies on fat and lean chickens indicate that broilers are not fat because of dietary 
imbalances since if given a choice of feeds, they become relatively fat. Instead, fatness appears 
to be the result of hormonal influences. Greater understanding of these factors may lead to 
further improvements in metabolic efficiencies in the future, but will require more sophisti-
cated approaches to selection. 
Modern strains of broiler are not only heavier but also contain a greater 
proportion of fat at killing age compared with broilers of 20 years ago (6). Actual 
levels of fatness can vary considerably between flocks, depending upon various 
nutritional and environmental factors but body fat contents of 12-25%, including 
15-35% in the abdominal fat pad, are not uncommon. Indeed the average broiler at 
killing may contain more fat than protein on a dry weight basis. A comparative study 
by Becker et al. has shown that several strains of modern broiler show similar degrees 
of farness (4) and there is a growing appreciation that excess fat is undesirable from 
the points of view of consumer, and producer, economics, and also consumer health. 
Dietary factors, especially energy and protein, have long been known to 
influence body composition (8). It has been argued that birds are fat because they 
are fed incorrectly balanced diets, but improvemens in body composition7 could only 
be obtained by feeding more expensive diets. 
Genetic factors are undoubtedly involved in the fatness of modern broilers. The 
earlier rate of maturation encourages early fat deposition. Intense selection for body 
weight may also have resulted in the selection of birds with greater propensities for 
I 
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fatness, since a low positive phenotypic correlation has also been observed within 
flocks between body weight and fatness (3, 23, 26, 27, 33). Positive correlations 
between body weight and food conversion efficiency (FCE) have meant that low 
phenotypic correlations have been observed between FCE and fatness when meas-
ured to a given age (24, 33). Despite these relationships, only small differences in 
FCE have been observed between current and previous strains of broiler (6,17) and 
this is undoubtedly related to the high energy cost of the deposition of fat relative to 
muscle (24). It is perhaps therefore not surprising that selection for improved FCE 
has resulted in decreases in fatness (24, 31). 
Fatness can vary considerably between individuals in a flock but has been 
shown to be highly inherited (26, 27). Thus the metabolic and productive consequ-
ences of increased leanness could be explored more fully by carrying out experiments 
involving selection for this trait. Lilburn et al. have described some of the consequ-
ences of selection for mature abdominal fat content in laying-strain chickens (16). 
However, studies on broilers involving selection at commercial killing ages have 
been hampered until recently by the absence of suitable criteria for measuring or 
predicting body fatness in live birds. 
METHODS OF SELECTION FOR LEANNESS 
Physical methods 
The location of the major fat deposits in the chicken within the abdominal 
cavity complicates physical estimations of body fatness. Mirosh et al. studied many 
anatomical aspects without finding a suitable indirect index of fatness (20). Pym and 
Thomson found that measurement of the thickness of the abdominal wall with a 
cloacal caliper gave a good indication of abdominal fatness (r = 080) (25). These 
observations have been confirmed (19) and it is possible that this method could form 
the basis of a commercial selection programme, although it has some operational 
disadvantages. 
An alternative physical procedure involves selection on the basis of measure-
ments of the fat content of siblings. Using this procedure, Leclercq et al. have 
developed lines of chickens with marked differences in abdominal fat content (14). 
Selection was confined to males and divergence between the lines was greater for this 
sex than for females, but contemporaneous selection to equalise body weight in the 
lines meant that all the correlated responses to selection for leanness could not be 
established. Nevertheless subsequent studies, discussed later, have given considera-
ble insight into factors related to leanness in chickens. Unfortunately, this method of 
selection is relatively laborious and expensive for commercial application to broilers 
and these factors would make it totally impractical for turkeys. 
Biochemical methods 
In order to discuss adequately the biochemical basis for the prediction of 
fatness, it is helpful to describe first the metabolic processes involved in fat 
deposition. Fat of dietary origin is transported in portomicrons from the intestine to 
the liver where it is incorporated as triglycerides (TG) into very low density 
lipoproteins (VLDL). The liver is also the major site of de novo lipid synthesis (22) 
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and these TG are also incorporated into VLDL. VLDL are secreted into the 
circulation and lipid from them is ultimately incorporated into adipose tissue under 
the action of lipoprotein lipase. Birds with a predisposition to fatness have high rates 
of hepatic lipogenesis, as indicated by elevated activities of enzymes such as malic 
enzyme (12). This enhanced synthesis is reflected in the elevated plasma VLDL 
concentrations which have been found to be highly correlated with body fat 
accumulations (9). The high rate of lipid synthesis and transport in fat birds is 
accompanied by a slight decrease in plasma glucose concentrations, an observation 
that has led to suggestions that a glucose-insulin imbalance may be an underlying 
cause of fatness (32). 
Among the various metabolic factors involved in lipid synthesis and transport, 
plasma VLDL concentrations give the best indication of body fatness (35). When 
dietary and management factors are optimised, correlation coefficients of 07 have 
been observed between the TG concentrations of plasma lipoproteins and total body 
fat in 7-week-old broilers (34). Earlier failures to observe a relationship between 
these characteristics (2) may have been caused by periods of fasting which result in 
marked declines in plasma TG concentrations. Fasting plasma TG concentrations 
are not related to body fat content (20). A simplified method for determining plasma 
TG concentration, based on a rapid measurement of optical density, has been 
developed which allows several hundred samples to be processed in a day (10). The 
method is suitable for incorporation into commercial selection procedures and a 
breeding programme to demonstrate its effectiveness has now been under way at the 
Poultry Research Centre for three generations. 
SELECTION OF BROILERS BY PLASMA TG 
Selection methods 
The birds were selected according to the procedures previously described, 
involving rearing birds to 7 weeks of age on a diet containing 20 g fat (ether 
extract)/kg, then taking measurements of body weight and plasma TG on two 
separate occasions 2 d apart (34). Birds not gaining weight, and therefore not eating, 
over the period were excluded and birds were selected on the basis of consistently 
high or low plasma TG values. Body weight was not a factor in selection with the 
provisos, applied equally to both lines, that runts were discarded and that where two 
birds had similar plasma TG, the-heavier was preferred. Birds with other obvious 
abnormalities, such as skeletal defects, were also excluded. 
Procedures 
The base population was represented by 450 male and 450 female 1-d-old 
chicks belonging to a pure line of broiler, male line, grandparent stock (D. B. 
Marshall Ltd). From these were selected 16 males and 32 females with highest 
plasma TG concentrations and the same numbers with the lowest. These birds were 
assigned to mating groups comprising one male and two females, with insemination 
being carried out artificially. Birds for the G 1 generation were Selected from within 
sire families and at this time the number of sire families was decreased to 12 in each 
line. Matings for subsequent generations were carried out between families using the 
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TABLE 1 




Generation Line (%) Plasma TG 1 Body weight (kg) 
c3' 
Go J Lean 4 	9 —62 —54 0-04 —005 
Fat 4 9 114 94 0-04 013 
G1 I Lean 12 	18 —29 —35 013 0-06 1 Fat 11 17 80 76 008 009 
G2 I Lean 6 	16 —47 —35 0-07 0 1 Fat 5 13 100 97 0-12 0 
'Optical density units x 1000 (10) 
method of "least relationships" (7). Families failing to reproduce as a result of 
mortality or infertility were replaced by nearest relatives. Selection differentials 
applied to live-weight and plasma TG at each generation up to G3 are given in Table 
1. The performance and carcass characteristics of each generation of the fat and lean 
lines were compared with those of birds of the same strain supplied by D. B. 
Marshall Ltd. However, over the intervening periods these birds had undergone 
selection by normal commercial criteria and were not, therefore, true controls 
because of the continuing selection for body weight. 
Results 
Divergence of selection trait. The progress achieved in the divergence of plasma TG 
concentrations between the fat and lean lines is shown in the Figure. By the second 
generation, using the selection diet, there was an increase of about 100% in plasma 
TG in the fat line relative to the lean line. Because smaller numbers of birds were 
involved, results from comparative experiments using a commercial-type diet 
showed greater fluctuations between generations, but still confirmed the rapid initial 
rate of divergence in the trait. Similar rates of divergence were apparent for both 
sexes. Individual variation in the trait remained high in both lines so that at each 
generation it was possible to apply roughly the same selection pressure in each 
direction, as indicated by the data in Table 1. However on a flock basis, divergence 
in the trait was faster in the direction of the fat line, as indicated by the comparative 
data for the G 3 generation (Table 2). 
The realised heritability for the response in plasma TG concentration was 
about 0-4 and estimates of h 2 calculated by regression of offspring group mean value 
v. mid-parent value were 0-58 ± 009 (mean ± SE) for females and 0-41 ± 0-07 for 
males. 
Body composition. Data on the body composition of the G 3 generation are given in 
Table 2. The fat line contained, on average, 34% more total body fat than did the 
lean line. Divergence from the controls appeared to be similar in either sex in both 
lines. These changes were accompanied by marked differences in the proportions of 
abdominal fat in the selected lines. 
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GENERATION 
- FIG—Divergence in plasma triglyceride (TG) concentration in fat and lean broiler lines selected using plasma TO 
as criterion. Plasma TG was measured at 7 weeks in groups of birds fed the selection diet (—) or a 
commercial-type diet in comparative experiments (---). 
- 	 TABLE  
Performance and compositional characteristics of G3 generation of fat and lean broiler lines selected using plasma triglyceride (TG) as 
criterion compared with a commercial selection line 
Trait 
Plasma TO2 
Body weight at 7 weeks (kg) 
Abdominal fat (g/I00 g live-weight) 
Total fat (g/100 g live-weight) 
Total protein (g/lOO g live-weight) 
Ash (gi100 g live-weight) 
FCE (0-7 weeks) 
PCE (0-7 weeks) 
Males Females 
Lean Control 1 Fat Lean Control' Fat 
103a 1244 196b 148a 181 262b 
2.33a 253" 2.34a 2•14a 2:20b 206' 
1.82a 2•19b 2.69c 208 2•56b 3.14c 
14.2a 168b 19.6' 16•1 a 192b 211 
17.4a 169b 163' 16.7a 16.6a 160b 
3•10 2.97a 2.95a 3.08a 2.97a 280b 
0.526a 0504b 0487' 0.487a 0471b .460C 
0424 0397 0,367 0372 0359 0•336 
Birds were fed a commercial-type diet containing 22 and 19% crude protein from 0 to 3 and 3 to 7 weeks 
respectively. Values within a trait and sex followed by the same superscript are not significantly different (P>005). 
FCE: food conversion efficiency, PCE: protein conversion efficiency. 
The 'controls' belonged to the same strain but had been subjected to commercial selection pressures, 
principally for weight, during the period of the experiment. Hence they were not true controls. 
2 0ptical density units x 1000 (10). 
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As the fat content of the lean line decreased, two other aspects assumed greater 
prominence. Most noticeably, the proportion of protein in the carcasses increased so 
that it comfortably exceeded the proportion of body fat, unlike the selected commer-
cial population. Secondly, the proportion of ash also increased in the lean birds. 
Dissections or bone measurements were not carried out, so at this stage it is not 
possible to say what changes if any, had resulted in the skeletal characteristics of the 
lean birds. However, the incidence of leg problems has been quite high and not 
confined to one line. 
Performance. Comparative data for body weights of the G 3 generation (Table 2) 
show that the birds of the fat and lean lines were on average 200 and 100 g lighter at 
49 d than the commercial line males and females respectively. Very little selection 
pressure was put on body weight during the course of the various selections (Table 
1), whereas the commercial line had been subject to normal selection procedures. 
The difference in body weight between the commercial and selected lines is 
consistent with the response that might be expected over three generations of 
selection. 
There was little difference between the selected lines in mean body weight at 
49 d. In males, weights were virtually identical. Lean females were significantly 
(P < 005) heavier than their fat counterparts, but such a difference had not been 
apparent at the G 2  generation and may not be meaningful. The similarities of the 
mean weights of the lines were rather surprising, in view of the positive phenotypic 
correlations observed previously between body weight and fatness (3, 26, 27, 33). 
However, lower body weight is obviously not an inevitable consequence of selection 
for leanness and this may imply that the genetic correlation between weight and 
fatness is small. One consequence of largely ignoring body weight as a selection 
criterion was a marked lack of uniformity in body weight in both lines. 
Data for FCE of the G 3  generation are also given in Table 2. Over both sexes, the 
lean line had a 7% better FCE than the fat. When measured to the same age, FCE of 
the lean line was 42% better than that of the controls. Direct comparison of FCE of 
control and selected lines is complicated by the body weight differences between the 
lines. However, on the assumption that FCE is heavily influenced by body composi-
tion, the intermediate body fat content of the controls would suggest that an FCE 
value between those for the fat and lean lines is valid. 
Protein conversion efficiencies (PCE) were calculated on the basis of the food 
consumed in relation to the final body composition of the lines. As a result of the 
differences in body protein contents between the lines, changes in PCE were 
proportionately greater than in FCE. Thus the lean line showed a 5% improvement 
in PCE compared to the controls. 
Other characteristics. Several other visual and metabolic characteristics of the 
selected lines have also been assessed. There are no visual differences between the 
lines. The lines are equally well feathered, as judged by appearance and feather 
weight. After commercial processing, there were no obvious conformational differ-
ences. However in birds fed diets of high maize content, the skin of lean birds was 
slightly paler. After cooking, taste differences were not apparent. 
Heat production by the birds was studied by calorimetry. The results (Table 3) 
did not suggest any basic differences between the lines. Body temperatures were 




Feather weights, body temperature and heat production in lean and fat broiler lines selected using plasma triglyceride as criterion 
Lean Fat 
Measured at 8 weeks (females): 
feather weight (g/I00 g body weight) 360 333 
rectal temperature (°C) 409 409 
heat production of fed birds (kJ/d) 1194 1167 
gross energetic efficiency 039 0-43 
Calculated 0-7 weeks: 
total heat production (MJlbird): 
males 4994 51-75 
females 4986 4857 
All differences between lean and fat broiler lines were not significant (F> 005). 
M. MacLeod, H. D. Griffin and C. C. Whitehead (unpublished results). 
identical in the two lines and there were no differences in heat output of fed birds or 
gross energetic efficiency. Lean birds tended to be more active and their fasting heat 
production was significantly higher on a body weight basis, but when the values 
were expressed on a body protein basis the difference was not significant (P> 005).. 
COMPARISONS OF BREEDING PROGRAMMES 
The results of our own broiler selection programme are in general agreement 
with the experiences of Leclercq and his collaborators. Thus both programmes have 
confirmed the high heritability of body fatness and have shown that quite rapid 
progress can be made in altering composition in both sexes. They found that, 
although the lean line became leaner, it was easier to move in the direction of fatness 
(14). However in our own studies divergence has been similar in both directions. 
Aspects of food and energy utilisation are comparable in birds selected by the 
different methods. Thus lean birds selected by sibling analysis had higher FCE than 
did fat ones (32), as did our own, and more recently Leclercq has demonstrated 
marked improvement in PCE in lean birds (13). Between-line differences for 
maintenance energy requirements or for energy required for tissue synthesis have 
not been found (15). The two lines derived the same metabolisable energy from food 
and when fed the same limited amount of food, lean birds grew faster and had a lower 
rate of fat synthesis. Both lines were equally fast feathering. The very different 
methods of selection would thus appear to have resulted in lines of lean birds with 
very similar, and advantageous, characteristics. These findings refute predictions 
that selection for leanness would result in birds which had alternative ways of 
disposing of energy and were thus wasteful and poorer converters of food (1). - 
NUTRITIONAL ASPECTS 
It is of interest to compare the effects of nutritional influences on fat and lean 
lines. Touchburn et al. observed that fatness in both their lines could be reduced by 
increasing the protein content of the diet (32). Differences in fatness between their, 
selected lines at the F 3 generation could be eliminated by feeding the fat birds 4% 
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TABLE 4 
Influence of dietary protein on performance and composition of male chickens from the third andseventh generations offal (F) and lean 
(L) lines selected using carcass composition of siblings as criterion 
Generation 31 
Dietary protein (%) 
Body weight at 5 weeks (g) 
FCE, 2-5 weeks 
Abdominal fat (g/l00 g body weight) 
Generation 72 
Dietary protein (%) 
Body weight at 8 weeks (g) 
FCE, 3-8 weeks 
Abdominal fat (gi100 g body weight) 
Body protein (g) 
16 20 24 
L F L F L F 
672 743 770 758 790 793 
0483 0-483 0-549 0-529 0-581 0-559 
175 286 1-02 1-82 0-73 1-38 
15 17 19 21 
L F L F L F L F 
1554 1782 1661 1818 1764 1767 1760 1768 
0-382 0-368 0-397 0-377 0-394 0372 0405 0-375 
094 4-42 0-85 4-07 0-64 3-09 0-44 2-89 
258 260 262 265 279 269 285 274 
FCE: food conversion efficiency. 
t Data from 32. 
2 Data from 13. 
more protein (Table 4). Subsequently Leclercq has observed less effect of protein on 
the fat content of the lean line in the F 7 generation, but total fat levels were by then 
very low (7% of body weight) (13). Lower levels of dietary protein (15 to 17%) 
reduced the body weight of the lean line relative to the fat, but this difference resulted 
from differences in fat deposition, since total body protein was nearly identical. 
Higher levels of protein (19 and 21%) gave fat and lean birds of similar total weight, 
but with lean birds containing more protein. 
We are in the course of similar studies on our lines, and have found similar 
effects of protein. Thus giving fat birds 26 and 22% protein diets from 0 to 3 and 3 to 
7 weeks respectively gave birds with similar abdominal fat pad sizes to lean birds 
given 22 and 18% protein during the same periods (Table 5). 
We have also studied the diet selection and body composition of birds offered a 
choice of high (32) or low (12%) protein diets. In each sex, fat and lean birds selected 
diets of very similar overall protein content. The proportions of protein selected were 
probably less than are usually fed under commercial conditions and this was 
reflected in the fat contents of each line, which were relatively high. However, there 
TABLE 5 
Effects of fixed dietary protein concentrations or a choice of diets on the proportions of abdominal fat in lean and fat lines of broilers 
selected using plasma triglyceride as criterion (mean values ± SE) 
Dietary protein (/o) 
I 
Abdominal fat (g/100 g body weight) 
From 0 to From 3 to 
Males Females 
3 weeks 7 weeks Lean 	Fat Lean 	Fat 
32 32 . -. 0-70±0-23 .. 1-61 ±0-16 
26 22 0-60±0-20 	142±0-13 1-34±030 	214±0-27 
22 18 136±0-18 	2-37±0-20 2-06±0-24 	2-74±0-22 
18 14 3-03±0-09 	3-73±0-22 357±0-24 	3-79±0-12 
Choice of 32 and 12 1-60±0-18 	2-27±0-22 2-11 ±0-20 	3-44±0-19 
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were large differences between the lines. From these results, it can be concluded that 
fat birds are not fat because of having been fed imbalanced diets, as mistakenly 
contended by Emmans (5), but are fat for metabolic reasons. Moreover, given the 
chance, birds will eat to deposit substantial amounts of body fat, a conclusion in 
agreement with other findings that choice fed broilers become fatter than those fed 
commercial diets (18, 30). This tendency is a major disadvantage to the commercial 
use of choice feeding for broilers. 
BREEDING FOR LEANNESS IN TURKEYS 
Turkeys are traditionally thought of as being very lean. However, older birds, 
especially females, can contain large amounts of abdominal and total fat. Moreover 
it has been shown that selection for increased weight resulted in increased fatness 
(21). Thus the problem of fatness in this species may become more acute in the 
future. With the current trend towards further processing of turkey meat, any fat is 
wasteful, but manipulation of the diet has been found to be relatively ineffective in 
influencing body composition in turkeys (29). Selection against fatness may thus 
assume greater importance in future turkey breeding programmes. 
Biochemical criteria for predicting body fat content in turkeys are preferrable to 
methods based on carcass analysis for reasons of cost as well as time. We have found 
that the plasma TG method is applicable to growing turkeys (11). As is shown in 
Table 6, selection in several flocks of the 10% of the birds with the highest and lowest 
plasma TG concentrations resulted in groups of birds with significant differences in 
mean total or abdominal fat content. These findings applied to males at 18 or 20 
weeks of age and females at 16 weeks, but the method may not be suitable for females 
older than this age, especially for birds reared on long day lengths, when sexually-
related changes may alter plasma TG concentrations. 
CONCLUSIONS 
Methods of selection, suitable for adoption on a commercial scale, now exist for 
breeding broilers that are not only inherently leaner but have several other advan- 
TABLE6 
Selection of turkeys using plasma triglyceride (TG) as criterion 
Number of Body weight Abdominal fat Total fat 
Males birds (kg) (g/kg body weight) (g/kg body weight) 
Total 50 
Highest plasma TG 5 143 ... 104 
Lowest plasma TG 5 13.4 ... 69** 
Total 60 
Highest plasma TG 6 97 4.5 
Lowest plasma TG 6 91 1.5* 
Females 
Total 60 ... 
Highest plasma TG 6 69 199 175 
Lowest plasma TG 6 6.4* 13.8** 128** 
** Values for body weight or fat content of birds in the low TG groups are significantly different from those in 
the high TG group (P<005 and P<001 respectively). Data from 11. 
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tages. The finding that selection for leanness does not necessarily result in smaller 
birds is perhaps unexpected in view of previously observed relationships between 
weight and fatness. Nevertheless selection principally on the basis of plasma TG 
alone has so far resulted in lines whose weight uniformity is poor but whose mean 
weights at killing age are very similar. Moreover, we have observed that some of the 
very heaviest birds in a group are lean. Thus incorporation of leanness as a selection 
criterion in commercial programmes should permit continued increases in body 
weight, though perhaps not at the same rate as in the absence of an additional 
criterion. 
The resulting leaner birds should have many advantages. The broiler grower 
will benefit from improvements in FCE. It can be calculated that the 4% improve-
ment in FCE that we have already obtained in the course of our breeding programme 
is equivalent to a saving in feed costs of about £15 million annually, if applied to the 
whole of the UK broiler industry. Continued reductions in body fat content would 
result in even larger savings. The broiler processer will benefit as a result of 
improvements in evisceration yield, and less fat will end up on the factory floor. Last, 
but not least, the housewife will benefit from a cheaper product containing a 
relatively higher proportion of lean meat. This will enable the poultry industry to 
match customer preferences shown for leaner beef, pork and lamb and might 
stimulate broiler sales. 
It could be argued that selection for improved FCE itself could bring about 
many of these improvements. Indeed some breeding companies are selecting on this 
basis but in spite of this, improvements in commercial FCE over the last few years 
have not been noticeable. There are, of course, certain disadvantages attached to the 
conventional procedure for selection for FCE, involving a weight selection at 6 or 7 
weeks of age followed by a further 2-or 3-week period testing for FCE. However, fat 
may require considerable energy to grow, but little to maintain. There is thus no 
certainty that FCE at 9 weeks is related to FCE from 0 to 7 weeks. Moreover, ad 
libitum feeding to 9 weeks incurs management problems in achieving point-of-lay 
body weights compatible with good egg production. In contrast, direct selection for 
leanness appears to be a good way of bringing about major improvements in FCE 
over the growing period. This is borne out by results with the plasma TG method on 
caged birds, where the plasma measurement was correlated significantly with both 
body fat content and FCE (35). The plasma TG method thus permits an accurate 
and much less time-consuming identification of the more efficient birds, and at an 
earlier age, than the conventional approach to FCE selection. Limits to selection for 
leanness are likely to be imposed by organoleptic factors: a bird without some 
adipose tissue is obviously undesirable. However, a plot of abdominal fat against 
total fat suggests that elimination of the abdominal fat pad would result in a broiler 
that still contained about 8-10% of its body weight as fat. The improvement in FCE 
of such birds could be in the order of 10-15%. 
Other interesting aspects related to the future of poultry breeding are suggested 
by the data discussed. The results have shown that there is still considerable 
variation in metabolic efficiencies. The efficiency of protein conversion, for example, 
is usually thought of as very high in poultry, but at a value of 04 there is still room for 
considerable improvement. It is likely that the improved PCE in the lean birds 
results from a hormonal influence. An insulin effect has been suggested (28, 32) but 
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other hormones such as glucagon, thyroid hormones or growth hormone may be 
involved. Further improvements in metabolic efficiency may thus become possible 
as a result of greater biochemical understanding. However, to exploit these pos-
sibilities to the full, the industry must be prepared to undertake more sophisticated 
analytical procedures to supplement conventional selection criteria. 
REFERENCES 
Anon (1981). Poult. Wid., 11 June, P.  23. 
Bartov, I., Bornstein, J. and Lipstein, B. (1974). Br. Poult. Sd., 15: 107-117. 
Becker, W. A. (1978). 27th Poult. Breed. Round Table, 97-129. 
Becker, W. A., Spencer, J. V., Mirosh, L. W. and Verstrate, J. A. (1981). Poult. Sd., 60: 693-697. 
Emmans, G. C. (1981). 3rdEur. Symp. Poult. Nutr., Peebles, 91-104. 
Chambers, J. R., Gavora, J. S. and Fortin, A. (1981). Can. J. Anim. Sd., 61: 555-563. 
Falconer, D. S. (1973). Genet. Res., 22:291-321. 
Fraps, G. S. (1943). Poult. Sd., 22: 421-424. 
Griffin, H. D., Whitehead, C. C. and Broadbent, L. A. (1982). Br. Poult. Sd., 23:15-23. 
Griffin, H. D. and Whitehead, C. C. (1982). Br. Fault. Sd., 23:307-313. 
Griffin, H. D. and Whitehead, C. C. (1985). Br. Poult. Sd. (In press.) 
Hood, R. L. and Pym, R. A. E. (1982). Poult. Sd., 61: 122-127. 
Leclercq, B. (1983). Br. Poult. Sd., 24: 581-587. 
Leclercq, B., Blum, J. C. and Boyer, J. P. (1980). Br. Fault. Sd., 21: 107-113. 
Leclercq, B. and Saadoun, A. (1982). Poult. Sd., 61: 1799-1803. 
Lilburn, M. S., Leach, R. M., Buss, E. G. and Martin, R. J. (1982). Growth, 46: 171-181. 
Marks, H. L. (1979). Growth, 43: 80-90. 
Mastika, M. and Cumming, R. B. (1981). 4th Aust. Poult. Stk Fd Cony., Perth, pp. 79-85. 
Mirosh, L. W. and Becker, W. A. (1982). Poult. Sd., 62:1-5.. 
Mirosh, L. W., Becker, W. A., Spencer, J. V. and Verstrate, J. A. (1980). Poult. Sd., 59:945-950. 
Nestor, K. E. (1982). Poult. Sd., 61:2301-2304. 
O'Hea, E. K. and Leveille, G. A. (1968). Comp. Biochem. Physiol., 26: 111-120. 
Proudman, J. A., Mellen, W. J. and Anderson, D. L. (1970). Poult. Sd., 49: 961. 
Pym, R. A. E. and Solvyns, A. J. (1979). Br. Poult. Sd., 20: 87-97. 
Pym, R. A. E. and Thomson, J. M. (1980). Br. Poult. Sd., 21:281-286. 
Ricard, F. H. and Rouvier, R. (1967). AnnlsZootech., 16:23-39. 
Ricard, F. H. and Rouvier, R. (1969). Annls Genet. Sd. animale, 1: 151-165. 
Simon, J. and Lecleicq, B. (1982).J. Nutr., 112: 1961-1973. 
Summers, J. D. (1983). Turkeys, 31:30-31. 
Summers, J. D. and Leeson, S. (1978). Br. Poult. Sd., 19:425-430. 
Thomas, C. H., Glazener, E. W. and Blow, W. L. (1958). Poult. Sd., 37: 1177-1179. 
Touchburn, S., Simon, J. and Leclercq, B. (1981). J. Nutr., 111: 325-335. 
Wethli, E. and Wessels, J. P. H. (1973). Agroanimalia, 5:83-88. 
Whitehead, C. C. and Griffin, H. D. (1982). Br. Poult. Sd., 23:299-305. 
Whitehead, C. C., Hood, R. L., Heard, G. S. and Pym, R. A. E. (1984). Br. Poult. Sd., 25:277-286. 
British Poultry Science (1990) 31: 163-172 
RESPONSES OF BODY COMPOSITION, GROWTH AND FOOD 
EFFICIENCY TO DIETARY PROTEIN IN GENETICALLY LEAN AND 
FAT BROILERS UP TO SEVEN WEEKS OF AGE 
C. C. WHITEHEAD 
Agricultural and Food Research Council Institute for Grassland and Animal 
Production, Poultry Department, Roslin, Midlothian EH25 9PS, Scotland 
Received for publication 9th March 1989 
Abstract 1. Growth, food intake and abdominal fatness were mea-
sured at 7 weeks of age in male and female broilers from genetically 
lean and fat lines fed on isoenergetic diets containing 160, 190, 210, 
230 and 260 g crude protein/kg from hatching. 
The mean proportions of abdominal fat decreased from 39 to 20 
g/kg body weight in the fat line and from 26 to 11 g/kg in the lean 
line over this range of protein concentrations. 
Protein requirements, for optimum growth as a proportion of the 
diet did not differ between the lines but the lean line was less tolerant 
of inadequate dietary protein. 
In birds fed on the same diet, conversion efficiencies of food 
(FCE) and dietary protein (PCE) were always superior in the lean line 
but energetic efficiency (EE) was similar in good growing birds of both 
lines. 
When dietary protein was adequate for growth and body compo-
sitions were equalised in the two lines (by feeding higher protein diets 
to the fat line), lean line birds had 10% better FCE, 6% better EE and 
33% better PCE. 
It is concluded that genetic selection is a more effective and 
economic means of producing leaner broilers than dietary manipula-
tion. 
INTRODUCTION 
There is currently considerable interest in the production of leaner 
broilers. The body fat content of broilers can be influenced by both nutritional 
and genetic means. There are several ways of influencing body fatness nutri-
tionally (for reviews, see Fisher, 1984; Whitehead, 1985) but increasing the 
dietary ratio of crude protein (CP) to metabolisable energy (ME) is one of the 
easiest and most effective means of lowering body fat content. 
Body fatness can be influenced genetically by selection on the basis of 
direct or indirect criteria. Divergent selection for low or high plasma very low 
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density lipoprotein (VLDL) concentration has resulted in lines of lean and fat 
broilers (Whitehead and Griffin, 1984). This selection has been carried out 
using diets of normal CP/ME but studies have shown that changes in dietary 
protein content can influence growth and body composition in both lines 
(Whitehéad and Parks, 1988; Whitehead et al., 1990). 
This-paper reports results of more detailed studies on the responses of a 
later generation of the lean, and fat lines to different dietary protein contents 
to 7 weeks of age. These results allow some conclusions to be drawn regarding 
the relative effectiveness of nutritional and genetic strategies for producing 
leaner broilers. 
MATERIALS AND METHODS 
Birds and husbandry 
Chicks came from lean and fat line parents from the 5th generation of the 
plasma VLDL selection experiment (Whitehead and Griffin, 1984). They were 
housed from 1-d-old in pens (372 m 2) containing a deep litter of wood 
shavings, 30 birds of one sex per pen. Each experimental diet was allocated to 
two pens of each line and sex. Food intake per pen was recorded weekly and 
the birds were weighed individually at 49 d. 
Diets 
There were 5 experimental diets, each with the same content of ME and 
ether extract but different CP content. The "summit" diet contained 260 g 
CP/kg and diets of lower CP content (230, 210, 190 and 160 g/kg) were 
obtained from it by dilution with starch, vegetable oil and cellulose. All diets 
therefore contained the same balance of amino acids. Diet compositions are 
given in Table 1. These diets were fed in pelleted form for the duration of the 
experiment. 
Measurements 
At 49 d, blood samples (1 ml) were taken from 6 birds chosen at random 
in each pen. Plasma VLDL concentration was measured by the turbidimetric 
method of Griffin and Whitehead (1982). These birds were then fasted over-
night and killed by cervical dislocation. Abdominal fat pads were dissected out 
and their weights were calculated as a proportion (X) of body weight. The 
proportion of total body lipid ()') was calculated using the equation: 
Y (g/kg)95+3.31X (g/kg) 
which had been shown to describe the relationship between these two charac-
teristics in males and females of lean and fat lines at a similar developmental 
stage in an earlier generation (Whitehead and Griffin, 1984). The proportion 
of total body protein (Z) was calculated from the equation: 
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TABLE 
Compositions (g/kg) of experimental diets 
Dietary crude protein (g/kg) 
Ingredient 	 160 	190 	210 	230 	260 
Maize meal 148 179 199 219 250 
Wheat meal 152 183 204 225 256 
Soyabean meal 163 197 219 241 275 
Herring meal 56 68 755 83 95 
Meat-and-bone meal 36 43 48 53 60 
Starch 282 197 141 85 - 
Vegetable oil 45 42 40 38 35 
Cellulose 82 60 46 64 - 
DL-methionine 12 14 16 18 2 
Salt 4 4 3 3 2 
Limestone flour 10 10 10 10 10 
Dicalcium phosphate 15 105 75 45 - 
Vitamin and mineral 
supplement' 5 5 5 5 5 
Pellet binder - - - - 10 
Analyses 
crude protein 	 158 	185 	209 	228 	265 
(gNx625) 
Metabolisable energy 
(MJ/kg, calculated) 	126 	126 	126 	126 	126 
'Supplied per kg diet: retinol 360 gig, cholecalciferol 75 sg, a-tocopherol 30 
mg, menaphthone 4 mg, thiamin 4 mg, riboflavin 10 mg, nicotinic acid 70 mg, 
pantothenic acid 16 mg, pyridoxine 5 mg, folic acid 2 mg, cyanocobalamin 20 
pg, biotin 200 tg, choline chloride 500 g, copper 36 mg, iodide 04 mg, iron 
80 mg, manganese 100 mg, selenium 015 mg, zinc 50 mg. 
Z (g/kg)207-024Y'(g/kg) 
derived from the same set of data. Use of these equations implies that birds of 
comparable age with similar proportions of abdominal fat also have similar 
proportions of total body lipid and protein, irrespective of line or dietary 
protein. The validity of this assumption has been confirmed by direct measure-
ment on these lines (Whitehead et al., 1990). Total body protein (P) and fat (F) 
were calculated from group mean body weights and whole body energy (F) was 
calculated from the equation: 
F(MJ)237P (kg)+392F (kg) 
Statistical analyses 
The data were analysed by analysis of variance. For body weights, linear 
contrasts were made for differences between values for birds fed on the two 
diets with the lowest protein contents (160 and 190 g CP/kg) compared to 
those for the other diets. Curvilinear responses were assessed using standard 
non-linear regression techniques. 
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RESULTS 
Measured characteristics of performance and fatness are given in Table 2. 
TABLE 2 
Performance and body composition characteristics measured at 7 weeks in male and female broilers of lean (L) and fat 
(F) lines fed diets of different protein content 
Dietary crude protein (g/kg) Residual standard 
error (from 
160 190 	210 	230 260 ANOVA table) 
Plasma L Mean 151 155 	114 	91 122 
VLDL' F Mean 354 331 292 254 176 
L a 24-7 18-0 	136 	12-5 9-1 
Abdominal 9 26-5 25-0 16-4 16-1 128 
fat pad Mean 25-6 21-5 	15-0 	14-3 11-0 
(g/kg 6-48 












efficiency 	F 	5 	0-439 	0-428 	0.463 	0.463 	0-462 
(gain/food) 9 0-393 0-426 0-406 0-438 0-431 
Mean 	0-416 	0-427 	0-435 	0-451 	0-447 
Plasma very low density lipoprotein concentration, measured as optical density units X 103. 
Values for male and female birds are means for 12 observations for VLDL and abdominal pad, 60 birds for 
body weight and 2 pens for food intake and conversion efficiency. 
The body weight data did not show any sex X diet interaction. There were, 
however, significant effects of line and diet. The mean body weights were 
greater on the diets containing the higher contents of CP and maximum 
bodyweight was significantly (P<005) higher in the lean line. In both lines, 
body weight was significantly (P<0-001) depressed below the maximum by 
feeding 160 g CP/kg, but this decrease was much greater in the lean line. The 
linear contrast between weights with diets containing 160 and 190 g  CP/kg and 
weights with the other diets showed that this difference in the response 
between the lines was significant (P<0-05). When dose response curves were 
F 5 34-8 30•0 22-0 21-9 17-7 
9 42-3 39-0 314 22-7 21-7 
Mean 38-6 34-5 26-7 22-3 19-6 
2-10 227 2-37 2-44 237 
9 1-89 2-01 2-12 2-14 208 
Mean 2-00 2-14 2-25 2-29 2-23 
1 2-23 2-20 2-28 232 2-28 
9 1-84 1-98 1-99 2-05 2-02 
Mean 2-04 2-09 2-13 2-19 2-15 
95-9 96-1 97-9 99-0 97-7 
9 91-6 88-2 86-7 91-9 87-5 
Mean 938 92-1 92-3 95-5 926 
1 103-7 104-9 100-5 102-3 100-7 
9 95.5 94-9 100-01 95-5 956 
Mean 996 99-9 100-3 98-9 98-2 
0-447 0-482 0-494 0503 0-495 
9 0-421 0-465 0499 0-475 0-485 
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fitted to the data, there was no indication that the protein requirement for 
maximum growth in each line differed substantially between the lines—the 
requirement in each line was about 210 to 220 g CP/kg. 
Abdominal fat, expressed as a proportion of body weight, showed marked 
responses to dietary protein in both lines. Females were always fatter than 
males, but regression analysis indicated that responses to protein were similar 
for each sex in both lines. Further analyses were, therefore, conducted using 
data for the sexes combined. The response in each line was well described 
(multiple correlation coefficient 076) by linear functions on a logarithmic 
scale. The curves fitted to the data on a linear scale were: 
Y (fat)= —53+95 (0.995)X 
Y (lean) —80+87 (0.994)X 
Where Y is the proportion of abdominal fat (g/kg) in each line and X is dietary 
protein (g CP/kg). These functions gave slightly converging curves, with the 
displacement between them on the Y axis (equivalent to the genetic difference 
in fatness) being significant (P<002) over the range of protein concentrations 
studied. 
Plasma VLDL concentration differed greatly between the lines and re-
sponded to the dietary changes. Linear regression of plasma VLDL on propor-
tion of abdominal fat gave the following equations: 
Y (fat)495+82X (r055) 
Y (lean)660+35X (r048) 
where Y is the optical density reading X 103 and X is abdominal fat (g/kg). 
Food intake was significantly (P<0001) lower in the lean line but there 
was no effect of dietary protein content in either line. Food conversion 
efficiency (FCE) was affected significantly (P<0001) by sex, line and dietary 
protein. The decrease in FCE among birds fed on suboptimal amounts of 
protein was particularly severe in the case of birds of both sexes in the lean line 
given 160 g CP/kg and this interaction was significant (P<005). A plot of FCE 
against abdominal fatness, presented in the Figure shows inverse relationships 
between these characteristics. In the fat line this relationship was essentially 
linear over the range of dietary protein contents studied (r077). However, a 
curve best described the relationship in the lean line. 
Other characteristics calculated on the basis of line mean data for body 
weight, food intake and abdominal fatness are given in Table 3. The propor-
tions of total body lipid and protein were not analysed statistically because they 
had been derived from linear functions of abdominal fatness. Protein conver-
sion efficiency (PCE), defined as the weight of total body protein/weight of 
protein consumed, was superior by 15% in the lean line overall. PCE increased 
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FIG—Food conversion efficiency (gain/feed FCE), energetic efficiency (carcase gross energy/ 
metabolisable energy consumed, EE) and protein conversion efficiency (protein retained/con-
sumed, PCE) versus proportion of abdominal fat in lines of genetically lean and fat broilers fed 
diets of different protein content (means for males and females). The straight lines have been 
fitted by linear regression. 
that the genetic difference in PCE was independent of the dietary protein 
concentration. 
Energetic efficiency (EE), defined as whole body combustion energy 
(F)/ME consumed, was very similar in both lines at each of the higher dietary 
protein concentrations. There was a general trend for EE to increase as dietary 
CP decreased, with the exception of lean line birds fed on the diet with 160 g 
CP/kg which showed a depressed EE. A plot of EE against abdominal fatness 
(Fig.) showed a positive linear relationship between these characteristics in the 
fat line. There was also a positive relationship in the lean line fed diets with CP 
contents down to 190 g/kg, but birds give the diet with 160 g/kg deviated 
markedly from this trend. 
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DISCUSSION 
The results of the experiment showed that changes in dietary CP/ME 
ratios did influence body composition, as assessed by abdominal fatness, in 
both lines of birds studied. Over the range of dietary protein concentrations 
studied, the relationships between abdominal fatness and dietary protein in 
both lines could be described quite well by straight lines. However, curvilinear 
responses gave better fits to the data and can also be shown to describe well 
other sets of comparable data involving wider ranges of dietary protein 
(Jackson et al., 1982; Whitehead et - al., 1989). The equations fitted to the data 
gave curves which converged slightly towards higher dietary protein concentra-
tions but which suggested that abdominal fatness was almost equally responsive 
in each line to changes in dietary protein. 
Plasma VLDL was significantly correlated with abdominal fatness within 
each line. However, the correlation was lower in the lean line. This observation 
suggests that as plasma VLDL of the lean line is lowered by continual selection, 
it may be becoming less effective as a means of predicting body fatness. 
Nevertheless the relatively high correlations in both lines over the wide range 
of dietary protein suggest that plasma VLDL concentration could be useful as a 
simple comparative measure within a strain of the relative fatness of different 
flocks or of birds on different nutritional treatments. However, the difference 
in the equations describing the relationships between body fatness and plasma 
VLDL in the lean and fat lines suggests that plasma VLDL concentration may 
not be so reliable for making fatness comparisons between different strains. 
The lean and fat lines showed differences and similarities in their re-
sponses of feeding and growth up to 7 weeks of age to changes in dietary 
protein content. At adequate dietary protein contents, lean line birds grew 
faster than the fat line. Other comparisons in previous (and later) generations 
have not suggested line differences in growth rate (Whitehead and Griffin, 
1984, 1986; Whitehead, unpublished observations). Nevertheless, the differ-
ences in the present study were consistent over the range of diets containing 
210 to 260 g CP/kg. The lines also differed in their growth responses to 
inadequate dietary protein contents. Thus growth was impaired to a much 
larger extent in the lean line than in the fat line, the depression in body weight 
being 2-fold greater in the lean line. However, there was no indication that the 
protein requirement for growth differed between the lines. These observations 
are similar to the findings of Leclercq (1983) that French lines of lean and fat 
chickens, selected on the basis of the abdominal fatness of siblings, did not 
differ in their protein requirement for growth but that the lean line was less 
tolerant of low dietary protein concentrations. 
The different growth responses of the fat and lean lines were not attribu-
table to different patterns of food intake. Although daily food intake was 6% 
higher in the fat line, it was very constant in both lines over the whole range of 
dietary protein concentrations. Daily energy intakes were, therefore, very 
similar over all the treatments within each line, although protein varied almost 
in proportion to the dietary concentrations. 
Efficiencies of nutrient utilisation showed considerable effects of line and 
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diet. FCE was always better in lean line than in fat line birds fed on the same 
diet (Table 2). However, when FCE was plotted against abdominal fatness (Fig. 
1) different relationships became apparent. FCE was inversely related to 
abdominal fatness in both lines, with the lean line showing approximately 10% 
better FCE than fat line birds of similar abdominal fatness at dietary CP 
concentrations of 190 g/kg or above. However, this relationship did not hold 
for lean line birds fed on the diet with 160 g CP/kg whose poor growth on a 
normal food intake gave them a similar FCE to fat line birds of equivalent body 
fatness fed on diets of higher CP content. 
When compared on the basis of dietary CP, energetic efficiency (EE) was 
similar in the two lines fed on the diets with higher dietary CP contents. 
However, EE was superior in the lean line when the lines were compared on 
the basis of equal abdominal fatness. The relationships shown in the Fig. 
suggest that when abdominal fatness was equalised in the two lines by feeding 
190 g or more CP/kg, the lean line had an EE superior by 5.5%. There could 
be three reasons for this: (a) lean line birds have a lower maintenance heat 
production, (b) lean line birds derive more ME from food or (c) lean line birds 
derive more productive or net energy from food. Possibility (a) is not thought 
likely: lean line birds are not obviously less active and heat production has been 
shown to be similar in the lines (MacLeod et al., 1988). Reason (b) can also be 
discounted in view of evidence that the ME derived from diets is not lower in 
the fat line U. McNab, personal communication). This finding is consistent with 
observations on other lines of lean and fat chickens (Leclercq and Saadoun, 
1982). The most likely reason is (c), partly on the basis that lean line birds at an 
equivalent body composition are catabolising and excreting much lower 
amounts of nitrogen, an energy consuming process. The advantage in EE was 
not maintained in lean line birds given only 160 g CP/kg; their lower growth 
rate depressed EE so that it was similar to that of fat line birds of similar 
abdominal fatness. This observation suggests that energy metabolism is severely 
impaired in lean line birds fed on diets with inadequate amounts of protein. 
PCE showed linear relationships in both lines when compared with dietary 
protein or abdominal fatness. When compared on a dietary CP basis, the 
responses of PCE were parallel, indicating a fundamental genetic difference 
between the lines in protein utilisation independent of dietary protein content. 
This linedifference in PCE was 16% when compared on a dietary CP basis or 
33% on an abdominal fatness basis. Lean line birds given 160 g CP/kg did not 
show any specific impairment in their ability to convert this nutrient into body 
tissue, in contrast to their problem with energy retention. 
In the light of these and earlier observations, some of the nutritional and 
metabolic implications of selecting leaner broilers can be assessed. Genetically 
leaner broilers partition dietary protein more efficiently i.e. they incorporate a 
higher proportion into body protein and "waste" less in oxidative and lipo-
genic processes (Saunderson and Whitehead, 1987; Whitehead and Saunder-
son, 1988). Because of this superior PCE, genetically leaner birds can maintain 
the same, or greater, lean tissue growth on a lower protein intake. However, as 
a result of their lower inherent food intake, their dietary protein requirement, 
as a proportion of the diet, is unchanged. This appetite control in the lean line 
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TABLE 3 
Body composition and efficiencies of conversion of dietary protein and energy calculated at 7 weeks in lines of lean (L) 
- 	 and fat (F) broilers fed diets of different protein content (values are means for males and females) 
Dietary crude protein (g/kg) 
160 190 	210 	230 260 
Total body lipid L 	180 166 	145 	142 131 
(g/kg body wt) F 223 209 183 169 160 
Total body protein L 	165 168 	173 	174 176 
(g/kg body wt) F 155 159 164 167 170 
Protein conversion L 	0448 0430 	0409 	0370 0331 
efficiency (retained/ F 0403 0367 0339 0323 0293 
consumed) 
Energetic efficiency L 	0379 0395 	0387 	0378 0368 
(retained/ME consumed) F 0411 0407 0384 0381 0367 
Values have been calculated on the basis of mean values in Table 2 
seems to be very strict, for these birds cannot increase their food intake 
appreciably when given diets of inadequate protein content. They are, there-
fore, very sensitive to inadequate diets and growth, FCE and EE can decline 
rapidly with protein-deficient diets. 
These observations also make it possible to compare genetic and nutri-
tional strategies for the production of leaner broilers. Feeding diets of higher 
CP/ME to "fat" birds can give them a similar body composition to those 
genetically selected for leanness. In the present study the genetic difference 
was equivalent to a dietary difference of about 70 g CP/kg for birds with 20 g 
abdominal fat/kg. However, because of the curvilinear nature of the relation-
ship between abdominal fatness and dietary CP, it can be calculated that the 
genetic difference might be equivalent to a dietary difference of 100 g CP/kg, 
for birds with 15 g  abdominal fat/kg (260 g CP/kg for lean line versus 360 g 
CP/kg for fat line). Thus, the nutritional method becomes progressively more 
unrealistic, in terms of diet formulation and cost, the leaner the broilers one 
wishes to produce. There is then the question of nutrient utilisation. As is 
shown in the Fig. when body compositions are equalised (by feeding diets of 
higher CP/ME to the genetically fatter birds) and when CP/ME is adequate for 
good growth in both lines, lean line birds are nutritionally more efficient. FCE 
is better by 10%, EE by about 6% and PCE by 33%. These advantages are not 
only important in terms of food costs, they may also give husbandry benefits. 
For instance a much better PCE may decrease atmospheric ammonia and skin 
burn lesions often associated with high litter nitrogen contents.. Nutritional 
manipulation has the advantage that it can be applied in the short term but 
genetic approach ultimately gives birds that have many advantages. Genetic and 
nutritional approaches can of course be combined. However, a long term aim 
should be the selection of leaner more food efficient lines of broiler chickens. 
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ABSTRACT 
Body weight and food intake were measured at different ages up to 30 weeks in males and 21 weeks in 
females in lean, fat and commercial lines of broiler chickens given diets of different crude protein 
:ontent. The lean and fat lines showed no differences in rates of body-weight gain or final body weights 
but the lean line had consistently lower food intakes. Dietary protein concentration within the ranges 
studied did not influence final body weights. 
Equations derived from a theory of feeding and growth were used along with the data up to 21 weeks 
of age to calculate mature body weights and various feeding characteristics. These values were compared 
with those obtained by application of the theory to another set of broiler data. The theory was found to 
be sufficiently robust to give some consistent interpretations of data from experiments involving 
considerable differences in time, breed and diet. 
INTRODUCTION 
PLASMA concentrations of very low density 
lipoproteins (VLDLs) give a good indication 
of the body lipid content of live broilers at 7 
weeks of age (Griffin, Whitehead and 
Broadbent, 1982) and have been used as the 
basis of genetic selection for leanness. 
Divergent selection on the basis of low or 
high plasma VLDL concentration has resulted 
in the establishment of lines of lean and fat 
broilers. 
The characteristics of these lines at 7 weeks 
of age have been assessed after three 
generations of selection. The lines had the 
same mean body weight but the fat line 
contained proportionately 034 more total 
body lipid and had 007 poorer food 
conversion efficiency (FCE) than the lean line 
469 
(Whitehead and Griffin, 1984). These changes 
are qualitatively similar to those observed by 
Leclercq, Blum and Boyer (1980) in French 
lines of lean and fat chickens selected on the 
basis of the abdominal fat content of siblings. 
Studies on these lines confirmed that the 
relative growth and body composition of 
these lines could be influenced by dietary 
protein concentration (Touchburn, Simon and 
Leclercq, 1981). Neither selection programme 
has as yet included a detailed investigation on 
the effect of selection for immature body 
composition on body and other characteristics 
at different ages up to maturity, although 
hens in the fat lines of the French 
experiment were heavier at sexual maturity 
(Leclercq, Kouassi-Kouakou and Simon, 
1985). The present experiment was carried 
out to study the feeding, growth and body 
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composition at different ages up to maturity 
in the VLDL-selected lean and fat broilers 
under ad libitum feeding and to compare 
responses of these characteristics to different 
dietary levels of protein. 
Few sets of data on such responses have 
been reported for broiler chickens and the 
results were therefore used to test the theory 
of feeding, growth and fattening of animals 
proposed by Parks (1982). This theory is 
based on a consideration of the empirical 
basis of how animals generally respond to the 
way they are fed, either ad libitum or 
controlled. It is enunciated as a set of 
differential equations, with constant 
coefficients, the solutions of which show the 
theoretically expected response of the animal 
to the way it is fed. Parks (1982) also reports 
the results of a long-term chicken experiment 
which was planned as a test of the theory 
and performed in the same research facility 
as the present experiment. The results of the 
earlier experiment neither fully falsified nor 
fully corroborated the theory, but did suggest 
it was sufficiently robust to be used to study 
TABLE 1 
Definitions of parameters used in equations 
(1) to (7) 
Parameter Definition 
A The mature body weight of the animal (kg). 
(AB) The growth efficiency factor; the higher the 
value of (AB) the lower the amount of food 
consumed to reach a--given body weight. 
a Amplitude of the sine wave (kg/week). 
b The 	rate 	at 	which 	specific 	whole 	body 
energy, 	F, 	increases 	with 	increase 	in 	u. 
F approaches x + b as u approaches unity. 
C The mature food intake (kg/week). 
F(t) Cumulative food consumed to age t (kg). 
f(t) Food consumed during t th week (kg). 
P Period of the sine wave (weeks). 
q(t) Food intake at age t (kg/week). 
Age (weeks). 
Time lag of the sine wave (weeks). t. 
The 	appetite 	factor 	or 	food 	intake 	time 
delay,  constant (weeks). The lower the value 
of 	t 	the 	more 	rapidly 	the 	animal 	will 
increase its food intake towards C. 
U Fraction of maturity, W/A. 
W Body weight (kg). 
W, Initial body weight (day old chick = 0045 kg) 
X The specific whole-body combustion energy of 
the animal at u = 0. 
F Specific whole-body combustion energy. 
the effects of various treatments on expecte 
responses of various species and breeds o 
animals. 
For ad libitum feeding, growth am 
fattening of animals, Parks' theory consists o 
five statements, namely: 
I given the initial condition q(t) =0 a 
t = 0 the food intake, q(t), is a solutior 
of the differential equation 
dq(t)/dt + q (t)/t* = C/t*; 	 (1; 
II given the initial condition W(t) = W0 ai 
t = 0 the live body weight, W(t), is 
solution of the differential equation 
dW(t)/dt + (AB)q(t)W(t)1A = ABq(t); (2) 
III in regards to statements I and II, the 
principle of homeostasis will dynamically 
correct over and under eating and growth 
to follow as closely as possible q(t) and 
W(t) in such a way that the differences 
between the data and the theory follow 
sine waves in addition to experimental 
error normally distributed with mean zero 
and variance s2 ; 
IV the specific whole-body combustion 
energy, F, is a linear function of the 
fraction of mature live weight, u(t) 
W(t)/A, namely 
F=x+bu; 	 (3) 
V the animal is kept under constant 
conditions under the same management 
throughout the experiment. 
The definitions of the parameters in 
equations (1) to (3) are given in Table 1. 
Any long-term ad libitum animal feeding 
experiment which yields time sequences of 
data which show numerical characteristics 
incompatible with deductions from one or 
more of equations (1) to (3) and statement 
III, is a potential falsifying experiment for 
the theory or some significant part of it. The 
robustness of the theory depends on how few 
rational modifications of the equations must 
be made in order to improve both the 
theoretical description and statistical fit of the 
experimental data. 
The present experiment, which was not 
designed as a critical test of the theory, 
should provide a partial test along with much 
useful information on how the chickens fed, 
grew and fattened under the various 
treatments. 
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MATERIAL AND METHODS 
Birds and husbandry 
Chicks from the lean and fat lines were 
from the third generation, details of which 
have been described by Whitehead and 
Griffin (1984) and came from two hatches, 3 
weeks apart. For comparison, chicks from the 
Driginal line (M4, D. B. Marshall Ltd, 
N4ewbridge, Midlothian) from which the lean 
rnd fat lines were derived were included in 
the experiment. This line was not a true 
ontrol since it had been subject to 
:ommercial selection procedures over the 
Deriod. These chicks were hatched with the 
Eirst hatch of lean and fat chicks. All chicks  
were housed. at 1 day old in the same house 
in pens (3.72 m 2) containing a litter of wood 
shavings. There were initially 25 chicks of 
one sex and line in each pen. They had free 
access to food and water throughout the 
experiment. Their photoperiod was 23 h light 
per 24 h up to the time the older birds were 
15 weeks of age and 8 h light per 24 h 
thereafter. Birds developing abnormalities 
such as leg weakness were culled when their 
disabilities seemed to be interfering with 
normal feeding and growth. 
Treatments 
There were four experimental treatments, 
involving the feeding of diets of different 
TABLE 2 
Allocation of lean (L), fat (F) and M4 chicks to the 
experimental treatments 
No. of pens of each sex 
Dietary crude protein (g/kg) Hatch 1 Hatch 2 
Treatment 0 to 3 weeks 	3 weeks to end L 	F 	M4 L 	.F 
1 320 	 320 1 1 1 
2 260 220 1 	1 1 	1 
3 220 	 180 1 1 	1 1 1 
4 180 140 1 	1 1 	1 
TABLE 3 
Composition of diets (g/kg) 
1 2 3 4 5 
Ingredient 
Maize 193 236 268 293 331 
Oats 68 83 102 115 
Wheat 200 200 229 257 287 
Grass meal 16 31 47 
Meat and bone meal 65 20 14 9 3 
Herring meal 173 145 119 94 58 
Soya-bean meal 303 243 179 114 50 
Vegetable oil 45 50 50 52 54 
Limestone 1 6 9 9 8 
Dicalcium phosphate 12 13 18 25 
Salt 2 3 3 3 3 
DL-methionine 3 2 2 2 2 
L-lysine 1 2 
Pellet binder 10 10 10 10 10 
Vitamin and mineral 
supplement 5 5 5 5 5 
Calculated analyses 
Crude protein 
(g N x 6.25) 320 260 220 180 140 
Ether extract 85 85 84 85 84 
Metabolizable energy 
(MJ/kg) 12•7 127 127 127 127 
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crude protein (CP) concentration at different 
ages. The allocation of these treatments to 
birds from the different lines and hatches is 
as shown in Table 2. The compositions of the 
different diets are given in Table 3; they 
were all formulated to contain the same 
proportions of metabolizable energy (ME) 
and fat. Treatment 3 was calculated to 
provide an optimal nutrient balance for birds 
up to 7 weeks of age. 
Food consumption per pen was recorded 
weekly and individual body weights were 
measured at intervals (Table 4) up to 30 
weeks for males and 21 weeks for females. 
At these times blood samples were taken for 
VLDL analyses and birds were killed for 
carcass compositional measurements (to be 
reported in a subsequent paper). The number 
of birds on each treatment thus diminished 
throughout the experiment but the number of 
pens remained the same. 
Data analysis 
The equations used to describe the feeding 
and growth data are derived from the 
following theoretical equations for food intake 
q(t) = dF(t)/dt, and live weight, W(t), namely: 
dF(t)/dt = C(1 - e'1') + a sin (2it[t - t,I/P) 	(4) 
W(t) = (A - W0)(1 - e_ (B)F(t)/A ) + W, (5). 
The definitions of the parameters in these 
equations are given in Table 1. The equation 
for F(t) is the integral of equation (4) 
between the time limits of zero and t, 
namely: 
F(t) = C[t - t(1 - e")] + (aP/23t)[cos[2t(t - 
— cos (2itt,)P)j 	 (6) 
and the regression equation for the weekly 
food consumed, f(t), is the difference 
F(t) - F(t - 1) namely: 
f(t) = G[l - t(e'/' - 1)e'] - [aPsin(u/P)/t]sin[2t 
(t - t0 -0-5)/P] 	 (7). 
TABLE 4 
Body weights, cumulative food intakes and food conversion efficiencies (FCE) in 
male lean, fat and M4 broilers up to 30 weeks of age 
Lean line 	 Fat line 	 M4 original line 
Treatment 2 3 4 1 2 3 4 1 3 
Age (weeks) Body weight (kg)t 
3 0-42 0.45 0-41 0-47 043 0-47 0-43 0-59 0-55 
7 1-75 1-85 1-73 1-80 1-85 1-88 1-74 2-11 2-22 
12 3-44 3-85 3.60 3-84 3•53 3-72 3-74 4•20 4-30 
15 4-14 4-64 4•37 4-68 4-06 4.53 4.57 4-78 4•92 
18 4-72 5-08 4-88 5-04 4-76 4-60 5-04 4-84 5-38 
21 5-04(9) 	5.28(17) 	4-95(14) 5.46(18) 4-95(24) 5-00(18) 5.26(24) 5-18(10) 5.77(14) 
24 5-20 537 5.55 5•4 5-28 5-17 5-55 5-32 6•10 
27 539 5-48 581 5-94 537 5-42 5-78 549 6-16 
30 5.69(6) 	5.52(10) 	6.05(7) 6.11(10) 5.35(14) 5.52(9) 6-02(15) 5.61(10) 6.15(8) 
Cumulative food intake per bird (kg) 
3 0-54 0-58 0-60 0-59 0-53 0-60 0-58 0-74 0•66 
7 3-06 334 3.77 3-35 3•31 3-52 3-61 3-97 4-03 
12 7•82 8-54 9-03 9-58 8-65 893 9-43 9•91 10-17 
15 11-18 12-14 12-48 13-62 12-68 12-79 13-25 13-62 14•27 
18 14-38 15-97 15-50 17-32 16•09 15-93 16-47 16-08 17-74 
21 17-47 19-64 18-58 20-83 19•66 19-12 19-82 19-93 20•97 
24 20-75 23-08 21•94 24-40 24-30 22-30 23-41 23-55 24-50 
27 23-38 25-96 24-99 26-62 27-25 25-33 26-32 27-32 26-45 
30 26-35 28-41 27-99 30-22 29-80 28•54 29-50 3124 30-69 
FCE 
Mean s.e. Mean s.e. Mean s.e. 
0 to 18 0-335 0015 0-295 0.004t 0-302 0•002b 
0 to 21 0-275 0-007' 0-260 0003b 0-268 0008gb 
0 to 30 0-209 0007 0•194 0006 0-190 0-010 
,b.c  Within a row means followed by the same superscript do not differ significantly (P> 0-05) 
t Numbers in parenthesis are birds remaining in each treatment. 
Values are means (gain to food ratio) over all treatments. 
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These equations are solutions of differential 
equations derived from equations (1) and (2) 
with sine wave terms added to describe the 
data better. Since the feeding data are in 
terms of weekly food consumed as a function 
of time, f(t), equation (7) was used as the 
regression equation for food consumed. 
Likewise, equation (6) was used in equation 
(5) as the regression equation for weekly live 
weight because the growth data, W(t), were 
expressed as weekly live weights as a function 
of time. These regression equations permitted 
examination of the graphs of the residuals on 
time t to help decide on the completeness of 
the regression equations. 
The non-linear regression procedure used to 
evaluate the parameters in equations (5), (6) 
and (7) from the experimental data is 
contained in the software package Statistical 
Package for the Social Sciences, Vogelback 
Computing Centre, Northwestern University, 
USA. A useful feature of this program is the 
plot of the residuals v. time, which provides 
the opportunity to analyse the residuals for 
significant deterministic trends. Accounting for  
these trends in the residual plots should 
change the distribution of the residuals 
towards normal with mean zero and a 
minimum variance. The data to 21 weeks 
only for all lines and both sexes were used in 
the regression analysis to remove the 
statistical bias of the longer experimental 
period for males. Data were analysed as 
means combined over both hatches. 
RESULTS 
Body weight, food intake and FCE data at 
different ages are presented for males (Table 
4) and females (Table 5). The growth 
patterns of the lean and fat lines were similar 
in both sexes. The generally poorer growth 
up to 7 weeks on treatment 4 was 
compensated for by subsequently faster 
growth so that by the time birds of both 
sexes were approaching their mature body 
weights, they were of comparable weights on 
all treatments. Over all the treatments, there 
was no significant difference between the lean 
and fat lines in mean body weight at any 
TABLE 5 
Body weights, cumulative food intakes and food conversion efficiencies (FCE) of 
female lean, fat and M4 broilers up to 21 weeks of age 
Lean line 	 Fat line 	 M4 original line 
Treatment 2 3 4 1 2 	3 4 1 3 
Age (weeks) Body weight (kg)t 
3 0•47 0•45 043 048 047 	047 044 058 0•58 
7 1•73 1•73 1'63 1•68 1•71 1•69 160 193 2•00 
9 234 228 2•06 234 2•31 	232 2•19 2•65 2•72 
11 2•93 2•90 293 296 281 293 2•86 3•27 329 
15 3•93 387 3•89 393 386 	4•00 3•92 431 447 
18 4•35 4•33 437 438 435 4.30 441 453 472 
21 4.82(21) 4.68(17) 4.76(17) 4.67(21) 4.66(24) 	4.65(26) 4.74(21) 5.04(18) 4.89(17) 
Cumulative food intake per bird (kg) 
3 058 058 0•60 0•62 060 	0•60 063 073 072 
7 3•24 320 3•50 334 3•36 348 343 3.93 3.99 
9 5.0 4•96 5•30 5•42 5•44 	5•41 5•30 614 6•17 
11 7•22 709 7•37 7•92 i88 7•82 7•51 871 859 
15 12•11 1167 11•69 13•19 1304 	1303 1251 13•90 14•06 
18 15•64 14•95 14•82 16•74 16•63 1633 15•90 1739 17-41 
21 1940 18•18 1810 2003 20'19 	19•75 ,1893 2083 20•39 
FCE 
Mean se. Mean 	s.e. Mean se. 
0 to 11 0•404 0-003a 0372 0002b 0.379 
00b 
11 to 21 0256 0•004 0•237 	0-004k' 0.241 
0001b 
a.b.tf All as Table 4 
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TABLE 6 








Treatment A (kg) (AB) s.d. 	(kg) A (AB) s.d. (kg) 
1 7-30 0-34 0-26 
2 6-90 0-38 0-11 6-37 0-43 0-16 
Males 3 6-97 0-43 0-21 6-12 0-51 0-26 
4 6•71 0-43 0•22 7•36 0-32 0-30 
Mean 6-86 0-41 6-78 0-40 
11 6-43 0-31 0-12 
2 6-18 0-39 0•10 6-58 0-29 009 
Females 	3 599 041 0-10 6-32 033 0-14 
4 6-64 0-31 0•12 7-25 0-23 0-14 
Mean 6-27 0-37 6-45 0-29 
t Values calculated by least-squares non-linear regressions using equation (5) 
Residual 
A (AB) s.d. 	(kg) 
5-93 0-54 0-26 
6-94 0-38 0-20 
6-44 0-46 
5-78 0-51 0-19 
5-70 0•55 0-19 
5-74 0-53 
stage up to 30 weeks in males or 21 weeks feeding is virtually halted with 	the onset of 
in 	females 	(P> 0.05). 	Early growth in 	the sexual maturity which is not accounted for in 
M4 line was more rapid than in the selected Parks' theory. In the present experiment, the 
lines. 	This weight advantage was maintained females were rapidly maturing both sexually 
to 	21 	weeks 	in 	females, 	but 	at 	30 weeks and in approach to mature body weight by 
mean body weight 	of males was 	not 21 weeks of age, as judged by plasma VLDL 
significantly different from that of the other concentrations 	(discussed 	in 	a 	following 
lines 	(P> 005). 	Equation 	(5), 	with paper) and the appearance of a few eggs in 
cumulative food consumed, F(t), calculated by the 	pens. 	Nevertheless, 	application 	of 	the 
equation (6), was fitted to the live-weight data growth 	theory 	to 	both 	males 	and 	females 
for each 	treatment, 	line 	and 	sex 	to 	obtain enables further comparisons to be made. As 
calculated values for the growth parameters A shown in Table 6, the calculated mature body 
and (AB) (Table 6). This was done for each 
treatment because Parks (1982, pp. 	197-227) 
suggested 	the 	possibility 	of 	a positive Calculated mature body weight, A = 6-97 kg 
correlation between (AB) and dietary CP. 7 
Mature 	body weights, A, 	were calculated 6 1-2 	ZI 
using 	equation 	(5). 	Figure 	1 	indicates 	how i 	 I a 1.0 well the calculated curve fitted the observed 
I 	A.•f 	 + 
data for lean males on treatment 3 up to 21 o 	4 
-- -
08 
weeks. It shows the expected sigmoid curve ../ 
0-6 with the inflexion point at about 8 weeks of 
age, and the mature live weight to which the 2 0-4  
growth 	curve 	is 	asymptotic. 	The 	growth 1 0•2 
curves 	of 	all 	the 	lines 	and 	sexes 	for 	each 
treatment 	showed 	equally 	good 	fits 	to 	the 2 	4 	6 	8 	10 	12 	14 	16 	18 	20 
data, 	as 	indicated 	by 	the 	residual 	standard 
deviations of fit of equation (5) to the data Age (weeks)  
Table 6 FIG. 1. Live 	weight 	of 	lean 	males 	on 	treatment 	3 
It is, of course, appreciated that calculated (+ 	), 	weekly 	food 	intake 	of 	lean 	males 	over 
values for A may be unrealistic for females; 
treatments 2 	3 and 4 (0 .......) v. age. 	+ and 0 are the 
data, 	and ....... are the responses calculated using 
in 	reality 	their 	growth 	under 	ad 	libitum equations (5) and (7) respectively. 
BROILER GROWTH MODEL 
	
475 
weights for lean and fat birds are quite 
similar for each sex and do not differ 
significantly (P> 0.05). Indeed, over both 
sexes the mean calculated mature weights for 
the lean and fat lines are almost identical 
(6-57 v. 6-62 kg). 
Food intake was consistently lower in all 
treatments in the lean chicks than in the fat 
(Tables 4 and 5). As a result, mean FCE 
over all treatments was significantly higher in 
lean birds in both sexes to most ages 
(P < 0-05). M4 birds generally showed FCE 
values intermediate to those for the lean and 
fat lines. 
Plots of the weekly food consumed, f(t), v. 
age for each treatment, line and sex showed 
two general properties. First, f(t) was 
composed of an exponential increase, with a 
time delay constant (t), to a mature food 
intake, C, with a sine wave superimposed. 
This property of the present data is similar to 
that shown in Figures 7.10 and 7.11 of Parks 
(1982) for chickens. Secondly, the shapes of 
the f(t) curves for a given line and sex 
appeared sufficiently independent of 
treatment, namely dietary CP concentration, 
that the mean data over treatments could be 
considered representative of the feeding 
characteristics of the line and sex. This 
second property is suggested by Parks (1982, 
Figure 9.17) from his study of the long-term 
feeding and growth of rats given diets of 
various CP concentration. On the basis of the 
second assumption, equation (7) was fitted to 
the mean weekly food, f(t), data to find 
values for C, t , a, P and t0 which minimized  
the sum of the squared residuals for each 
line and sex. These values, together with the 
residual standard deviations of regression are 
given in Table 7. They predict that mature 
food intake in relation to body weight is 
lowest in the selected lean line. 
DISCUSSION 
Previous studies have shown that body 
weights of lean and fat broilers selected on 
the basis of plasma VLDL do not differ at 7 
weeks of age (Whitehead and Griffin, 1984). 
The results of the present experiment indicate 
this similarity in body weight is maintained 
up to maturity in both sexes. The body 
weights measured at 21 weeks in females and 
30 weeks in males over the same treatments 
were similar in both lines and the calculated 
mature body weights did not differ 
significantly. These findings contrast with 
observations that in strains of light body 
weight chickens selected for mature 
abdominal fat pad size, the fat line was 
significantly heavier at maturity as well as at 
earlier stages of development (Lilburn, Leach, 
Buss and Martin, 1982). 
Some growth responses to dietary protein 
were observed in the present experiment. 
Thus birds in both lines given the lowest 
level of protein (treatment 4) showed 
depressed 7-week body weight. However, 
final body weights did not show any 
consistent effect of dietary protein. Other 
studies have suggested a slight, but non-
significant, tendency for broilers given lower 
TABLE 7 
Mature food intake C, appetite factor, t ' , and the amplitude, a, period, P, and lag 
time, to , of the sine wave component of the weekly food consumption function of 
male and female lean, fat and M4 broilers independent of treatment 
Residual 
Line 	Sex C (kg/week) t (weeks) a (kg/week) P (weeks) t,, (weeks) s.d. (kg) 
Lean 	J Male 114 4-84 016 1524 5-45 003 
Female 1-11 560 001 1449 008 037 
F 	f Male at 128 5-07 —013 1484 —016 006 
Female 1-23 4-69 —012 1706 —055 003 
Control1 Male 1-25 4-21 0-26 775 545 010 
Female 1-16 3•33 —0-31 13-49 409 005 
Mean 1-21 4-62 0-17 13-81 2-39 
s.d. 0-05 0-77 0-09 349 290 
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levels of protein to approach higher mature 
body weights, perhaps as a result of their 
greater adiposity (March, MacMillan and 
Chu, 1984). A similar tendency was seen in 
males in the present experiment, although the 
fat line males given the highest level of 
protein grew particularly well. In contrast, 
females showed a much more uniform growth 
pattern up to 21 weeks over all the lines and 
treatments. 
The results in Table 6 make possible a test 
of the assumption that the growth efficiency 
factor (AB) is correlated with treatment. 
Regarding each value of (AB) across all the 
lines as samples for each dietary protein 
level, a one-way analysis of variance gives a 
non-significant F ratio (P > 0.01) and there is 
therefore no evidence to support Parks' 
(1982) assumption that the growth efficiency 
of chickens might be related to dietary 
protein level. The F ratio test for mature 
weights showed that, as Parks expected, A 
was unrelated to dietary protein level. 
The food intake data confirmed the 
findings of Whitehead and Griffin (1984) that 
the lean birds had superior FCEs. Analysis of 
the cumulative data over all the treatments 
showed that the relative differences between 
the lean and fat lines were greatest in males  
at 18 weeks (proportionately 0.119) and in 
females at 11 weeks (0.079); the magnitude 
of these line differences remained reasonably 
constant thereafter in females, but decreased 
in males. However, in males during the 21 to 
30 week period, when body-weight gain in 
both lines was relatively small, food intake 
was still proportionately 0071 higher in the 
fat line. 
The adequacy of fit of equation (7) to the 
feeding data (Table 7), was tested by the F 
ratio of the lack of fit variance to the pure 
error variance, with the appropriate degrees 
of freedom. The ratios were not significant 
(P> 0.05), confirming the suitability of the 
equation to describe the feeding data for 
each line and sex. Figure 1, again taking the 
lean males as an example, also shows how 
well the calculated curve of food intake fitted 
the observed weekly values. Analysis of the 
feeding data did not indicate any effect of 
treatment, an observation consistent with an 
assumption that food intake is independent of 
dietary protein level, at constant dietary 
energy, over the range of protein levels 
studied. 
The conclusions from the modelling studies 
on the present data are that the broilers 
given diets of several fixed protein levels and 
TABLE 8 
Mature body weight, A, growth efficiency factor (AB), mature 
food intake, C, appetite factor, t , and the amplitude, a, 
period, P, and lag time, to , of the sine wave components of 
the functions for live weight and food consumption of Ross 
broiler males and femalest 
Males Females Means s.d. 
Live-weight function 
A (kg) 659 725 692 046 
(AB) 0•28 0-27 028 0-008 
a (kg) 082 048 065 024 
P (weeks) 2215 1862 2038 250 
t,, (weeks) 0 0 0 
Residual s.d. (kg) 051 0056 
Food intake function 
C (kg/week) 156 130 143 018 
: 	 (weeks) 7-20 787 754 047 
a (kg/week) 05 05 05 
P (weeks) 2251 18-33 2042 295 
t,, (weeks) —746 —531 —638 1-52 
Residual s.d. (kg) 016 007 
Values calculated from data from experiment BG54 by B. J. Wilson, 
quoted by Parks, 1982. 
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fixed ME of 127 MJ/kg had mean feeding 
parameters as shown in Table 7 and mean 
rowth parameters of A = 655 (s.e. 0.51) kg 
nd (AB) = 0393 (s.e. 0.090), independent, 
f dietary protein level over the range tested. 
One of the few other experiments with 
vhich the present experiment can be 
ompared was carried out by B. J. Wilson in 
974 in the same facility. The experiment, 
lesignated BG54, involved measuring growth 
nd feeding responses weekly over a 30-week 
eriod for males and 21 weeks for females in 
toss broilers fed ad libitum on a diet 
ontaining 210 g CP and 1105 MJ ME per 
g. Major differences between the 
xperiments were thus diet and also 
)hotoperiod, which in BG54 was 12 h light 
er 24 h throughout. BG54 was designed to 
est the theory of feeding and growth as 
tated by Parks (1982, chapter 7.1) and the 
esults have been reported in that publication. 
[he study of the weekly food intake data 
vith the sine wave component added to the 
undamental equation, was tentative because 
;hese were the first such data that had been 
ncountered (Parks, 1982, pp.  131-136). 
-lowever, the present data, as presented in 
Fable 7 and Figure 1, give additional support 
:0 the claim that the modified equation more 
learly reflects the approach to mature food 
ntake that is observed in experimental flocks. 
To compare the two experiments more 
closely, the data for ad libitum feeding over 
21 weeks in Table A-24 (p  288) for the Ross 
males and Table A-30, (p 290) for the 
females of Parks (1982) were used with 
equations (5), (6) and (7) to obtain values of 
the feeding and growth parameters shown in 
Table 8. It was found that not only did the 
food intake function of the Ross chickens 
show need for a sine wave component but 
also the live-weight function showed a clear 
need for such a component to remove most 
of the deterministic elements from the 
residuals. The sine wave component for the 
live weights of the Marshall broilers in the 
present experiment could not be shown 
because of the few ages at which the weights 
were measured. 
Comparison of the values of the mean 
feeding parameters for the Marshall broilers 
(Table 7) with mean values for the Ross  
(Table 8) shows that the major parameters, 
namely C, t and P are quite different. 
However, the difference between the mature 
food intakes, C may be related to the 
differences in dietary ME, Parks (1982, 
chapter 9) having shown that C is inversely 
proportional to dietary ME. Thus, when C is 
quoted as MJ ME per week, the values 
become very close (15.77 for the Ross, 1539 
for the Marshall broilers). It is less easy to 
explain the differences in t and P. The 
Marshall broilers expressed their appetites (t) 
one and a half times as quickly (7.54/4.62 = 
1.63) and shortened the period (P) of the 
sine wave component of food intake by a 
similar factor (20.42/13.81 = 1.48). These 
differences may be explained by the 
differences in photoperiod in the two 
experiments. The daily photoperiod of 23 h 
light throughout much of the present 
experiment was almost twice that in BG54 
and may have modified the feeding 
characteristics of the birds. A low value of t 
is commercially advantageous in that it 
represents a more rapid approach of animals 
to their mature food intakes. Identification of 
environmental or nutritional factors 
contributing to a minimum value for 1' is 
therefore important. 
The values of the mature live weights, A, 
for the Ross males and females (Table 8) are 
of the same order as those calculated for the 
Marshall broilers (Table 6) but the growth 
efficiency factors, (AB), are much lower. 
Parks (1982) has suggested that (AB) is 
proportional to dietary ME and adjustment of 
the Ross value gives (AB) = 0.320 which is 
within one standard deviation of the mean of 
0.393 over all the Marshall broilers. 
These results demonstrate that application 
of Parks' (1982) theory can give some 
consistent interpretations of data from 
experiments in broilers involving considerable 
differences in time, breed and diet. 
ACKNOWLEDGEMENTS 
We gratefully acknowledge the meticulous assistance of 
Miss K. M. Herron and Mr R. Bernard with husbandry 
and data collection and processing. 
478 
	
WHITEHEAD AND PARKS 
REFERENCES 
GRIFFIN, H. D., WHITEHEAD, C. C. and BROADBENT, 
L. A. 1982. The relationship between plasma 
triglyceride concentrations and body fat content in male 
and female broilers - a basis for selection? British 
Poultry Science 23: 15-23. 
LECLERCQ, B., BLUM, J. C. and BOYER, J. P. 1980. 
Selecting broilers for low or high abdominal fat: initial 
observations. British Poultry Science 21: 107-113. 
LECLERCO, B., KOUASSI-KOUAKOU, J. and SIMoN, J. 
1985. Laying performances, egg composition, and 
glucose tolerance of genetically lean or fat meat-type 
breeders. Poultry Science 64: 1609-1616. 
LILBURN, M. S., LEACH, R. M., Buss, E. G. and 
MARTIN, R. J. 1982. The developmental characteristics 
of two strains of chickens selected for differences in 
mature abdominal fat pad size. Growth 46: 171-181. 
MARCH, B. E., MACMILLAN, C. and CHU, S. 1984. 
Characteristics of adipose tissue growth in broiler-type 
chickens to 22 weeks of age and the effects of dietary 
protein and lipid. Poultry Science 63: 2207-2216. 
PARKS, J. R. 1982. A Theory of the Feeding and Growth 
of Animals. Springer-Verlag, Berlin. 
TOUCHBURN, S., SIMoN, J. and LECLERCO, B. 1981. 
Evidence of a glucose-insulin imbalance and effect of 
dietary protein and energy level in chickens selected 
for high abdominal fat content. Journal of Nutrition 11: 
325-335. 
WHITEHEAD, C. C. and GRIFFIN, H. D. 1984. 
Development of divergent lines of lean and fat broilers 
using plasma very low density lipoprotein 
concentrations as selection criterion: the first three 
generations. British Poultry Science 25: 573-582. 
(Received 11 May 1987 - Accepted 18 January 1988) 
2 11 
Anim. Prod. 1990, 50: 183-190 
	 (8J03-3561/90/947400183S02-01 
© 1990 British Society of Animal Production 
THE GROWTH TO MATURITY OF LEAN AND FAT LINES OF 
BROILER CHICKENS GIVEN DIETS OF DIFFERENT PROTEIN 
CONTENT: BODY COMPOSITION, PLASMA LIPOPROTEIN 
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ABSTRACT 
The proportions of abdominal fat and total body lipid and protein were measured up to 30 weeks in 
males and 21 weeks in females from lines of lean and fat broiler chickens given diets of different 
protein content. There was a constant relationship between the proportions of abdominal fat and body 
lipid independent of line, diet or age. Data on males showed effects of line and diet on body fatness at 
all ages up to 30 weeks. In females, line and diet had effects on body fatness during early growth but 
little effect on composition at 21 weeks. Plasma very low density lipoprotein concentration was higher in 
the fat line in both sexes at all ages. Egg production over the first few weeks of the laying period was 
much higher in lean line hens. 
KEYWORDS: broilers; body composition; body fat; dietary protein; lipoproteins. 
INTRODUCTION 
PLASMA very low density lipoprotein (VLDL) 
concentration at 7 weeks of age has been 
used as a basis for selecting lines of lean and 
fat broilers (Whitehead and Griffin, 1984). 
The characteristics of the birds have been 
studied most extensively at 7 weeks (near to 
normal broiler market age). It has been 
found that after selection for three 
generations there was no difference in 7-week 
body weight. However the low VLDL (lean) 
line had less abdominal fat and total body 
lipid and more body protein than the high 
VLDL (fat) line. Efficiencies of food 
conversion and protein utilization were also 
higher in the lean line (Whitehead and 
Griffin, 1984). Continued selection has 
accentuated these differences (Whitehead, 
1988). 
The present experiment was carried out to 
study the characteristics of the lines in growth 
up to maturity. Body composition is well 
known to be influenced by nutrition, 
especially the dietary ratio of crude protein 
(CP) to metabolizable energy (ME) (for  
reviews, see Fisher, 1984; Whitehead, 1985). 
Diets of different CP : ME, achieved by 
varying CP contents, were therefore given 
throughout the growing periods in order to 
establish the separate effects of line and diet 
on growth and body composition. The food 
intake and growth of the birds in this 
experiment have been described in an earlier 
paper (Whitehead and Parks, 1988). It was 
found that mature body weights for each sex 
did not differ significantly between the lines 
and that dietary CP content, within the 
ranges studied, did not influence mature body 
weight. This present paper reports the results 
for body composition in both sexes at 
different stages of growth and the 
reproductive characteristics of the hens over 
the first few weeks of the laying period. 
MATERIAL AND METHODS 
Procedure 
The birds studied were from two hatches 
from the lean and fat lines after three 
generations of selection on the basis of 
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plasma VLDL concentration (Whitehead and 
Griffin, 1984). They were fed ad libitum on 
isoenergetic diets of different CP content 
from 1 day of age until 30 weeks for males 
and 21 weeks for females. There were four 
treatments, as shown in Table 1. Fat line 
birds were given all treatments but lean line 
birds were given only treatments 2, 3 and 4. 
TABLE 1 
Experimental treatmentst 
Dietary crude protein (g/kg) 
Treatment 	0 to 3 weeks 	3 weeks to end 
1 	 320 	 320 
2 260 220 
3 	 220 	 180 
4 180 140 
t Compositions of diets are given in Whitehead and 
Parks (1988). All diets contained 85 g ether extract per 
kg and 127 Mi metabolizable energy per kg. 
Diet compositions and other experimental 
details have been described previously by 
Whitehead and Parks (1988). 
At 3, 7, 12, 24 and 30 weeks for males 
and 3, 7, ii, 15, 18 and 21 weeks for 
females, representative birds chosen at 
random from each treatment were fasted 
overnight and killed by cervical dislocation. 
Abdominal fat pads (comprising the 
abdominal leaf pad and fat around the 
gizzard) were dissected, weighed and replaced 
and the carcasses were frozen. At different 
ages blood samples (1 ml) were taken from 
fed birds, 10 per treatment, for plasma 
VLDL analysis. 
After 21 weeks, females were fed ad 
libitum on a common laying hen diet and 
were maintained on the same photoperiod 
(8 h light per 24 h). Egg production per pen 
was recorded up to 29 weeks of age. 
TABLE 2 
Proportions of abdominal fat and total body lipid and protein relative to body weightt 
in male broilers from the lean (L) and fat (F) lines at different ages up to 30 weeks 
Age (weeks) s.e.d. from ANOVA 
Line 	Treatment 3 7 12 24 30 Age Diet 
I 1 2 5.9 6•4 48 50 L 3 81 142 10.1 104 
Abdominal 	
j 
1 4 15•0 302 31•3 180 20 3•0 
fat pad (g/kg) I 10•4 67 130 13•4 139 
J F 2 12•3 14•0 223 94 15•2 [ 
1 143 23•5 359 264 231 
1 4 19•0 369 37.7 31•2 32•2 
I 2 88 95 101 96 L 3 82 120 116 115 
Total body lipid (g/kg) 	j 
4 116 192 206 141 
9•0 11•8 1 88 91 102 120 115 
F 2 99 120 175 163 135 
I 3 102 140 190 232 168 
4 137 203 230 206 199 
I 2 173 177 173 196 L 3 175 177 177 198 
Total body 4 164 161 161 197 3.7 4.3 
protein (glkg)  1 163 185 194 193 197 
F 2 166 177 169 194 197 [ 
1 3 154 167 175 181 193 
1 4 157 160 163 171 181 
No. of birds analysed 	I L 4 6 4 0 8 
per treatment F 4 8 4 4 8 
t Live body weight after fast overnight to eliminate gut contents 
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Analyses RESULTS  
Frozen 	carcasses 	were 	homogenized 	by Male body composition 
passing through 	a mincer 	three 	times. The proportions of abdominal fat and total 
Because 	of 	their 	small 	size, 	carcasses 	of 3 lipid 	and 	protein 	in 	the 	carcasses of 	males 
week-old 	birds 	were 	homogenized 	in 	pairs. are 	shown 	in 	Table 	2. 	There were 	no 
All 	others 	were 	homogenized 	and 	analysed significant 	hatch 	effects 	on 	any of 	the 
individually. Duplicate samples of homogenate compositional 	characteristics. 	Over all 	ages 
were 	freeze 	dried 	and 	the 	residues 	were and treatments there was a linear relationship 
analysed 	for lipid by extraction with between 	the 	proportions 	of 	total lipid 	(X) 
petroleum 	ether 	and 	for 	protein 	by 	the and 	abdominal 	fat 	(Y) 	that 	was 	nearly 
Kjeldahl method. identical 	for 	the 	two 	lines. 	The regression 
Plasma samples were analysed for VLDL 
using the turbidimetric method of Griffin and 
equations were: 
Whitehead (1982). 
Data were 	analysed statistically by analysis lean males X = 670 + 417Y (r = 0.84) 
of variance and Student's t test. fat males 	X = 662 + 413Y (r = 0.83). 
TABLE 3 
Proportions of abdominal fat and total body lipid and protein relative to body weightt in 
female broilers from the lean (L) and fat (F) lines at different ages up to 21 weeks 
Age (weeks) s.e.d. 	from ANOvA 
Line Treatment 3 7 II 15 18 21 Age Diet 
1 2 10-S 13-2 184 31-5 397 41-8 L 9-9 20-5 22-2 32-2 39-() 47-9 
Abdominal fat pad (g/kg) 4 17-9 35-7 32-6 38-8 450 45•3 2-3 3-0 
1 11-9 16-2 38-5 30-8 48-6 49-6 
F j 2 17-3 21-8 335 43-7 46-8 46-0 
3 16-8 27-3 42-7 47-5 48-0 48-0 
4 21-6 38-0 44-3 56-2 55-0 48-6 
1 2 97 115 157 207 234 275 L 3 87 146 181 226 233 296 
Total body lipid (g/kg) 4 135 213 197 247 273 294 6-9 12-2 
1 95 130 241 251 294 280 
F 2 109 160 217 278 274 291 j 
3 121 184 250 266 288 287 
4 151 219 268 256 286 304 
1 2 171 181 178 169 165 156 
[ 
L 167 174 171 168 170 151 
Total body 
4 161 158 167 161 16{) 153 2-9 4-4 
I 171 173 158 153 158 157 
protein (g/kg) 2 170 169 163 159 151 157 F 
3 164 165 163 160 153 155 
4 165 155 153 156 153 155 
No. of birds analysed L 4 6 4 4 4 8 
per treatment 	 { F 4 8 4 4 4 8 
t See Table 2. 
186 	 WHITEHEAD, ARMSTRONG AND HERRON 
Experimental effects on these characteristics 
are therefore described together as effects on 
'fatness'. 
Body fatness showed significant effects of 
line, treatment and age. Fat line males were 
significantly fatter than lean line males at the 
same ages and treatments (P < 0.01). Over 
both lines, there were significant effects of 
age and treatment (P < 0.01). In both lines, 
birds fed on the diets of lower CP were 
fatter at all ages. However, the way the birds 
fattened during growth was significantly 
affected by diet. Lean line birds fed the diets 
of highest protein contents (treatment 2) were 
the leanest birds and showed little change in 
body fatness over the whole of the growing 
period. In contrast, lean line birds on 
treatment 4 showed a considerable increase in 
fatness during the early stages of growth but 
became leaner as they approached maturity. 
Changes of body fatness with age were also  
affected by diet in the fat line. With the diet 
of highest CP content fed to this line 
(treatment 1), body fatness increased only 
slowly during growth up to 30 weeks. Fatness 
of birds on the other treatments increased 
more rapidly and reached peaks at about 12 
weeks of age before declining at later ages. 
There was a significant decline in the 
proportion of body protein in males at lower 
dietary protein levels (P < 005). There was 
also a significant increase in the proportion of 
body protein as the birds aged (P < 0.01). 
This effect was seen in both lines but there 
was no interaction with dietary protein level. 
In general, the proportion of body protein 
was inversely related to that of lipid. 
However, the nature of the relationship 
changed with age so that over all the data 
the correlations were quite low (lean, r = 
—04; fat, r = — 0.1). Nevertheless, at 
individual ages the correlations were much 
TABLE 4 
Body weights and total weightst of lipid and protein in male and female 
broilers from lean (L) and fat (F) strains at 7 weeks and maturity 
Males Females 
Line Treatment 7 weeks 30 weeks 7 weeks 21 weeks 
2 1•75 	569 1•73 	482 
L 3 1-85 552 1•73 468 
Treatment mean body 4 173 	605 163 	4•76 
weight (kg) 1 180 611 168 467 
F 2 1•85 	5•35 171 	4•66 
3 188 5•52 1•69 465 
4 1•74 	602 160 	474 
2 166 	546 199 	1325 
L 3 222 634 252 1385 
Weight of lipid (g) 4 332 	853 347 	1399 
1 164 703 218 1308 
F 2 222 	722 273 	1356 
3 263 927 311 1334 
4 353 	1198 350 	1441 
2 310 	1115 313 	752 
L 3 327 1093 301 707 
Weight of protein (g) 4 278 	1191 257 	728 
1 333 1203 291 733 
F 2 327 	1054 289 	732 
3 314 1065 279 721 
4 278 	1090 248 	735 
t Calculated from proportions of lipid and protein in Tables 2 and 3 and treatment mean 
body weights. 
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higher. For example, at 7 weeks, the 
correlation for mean values for lean and fat 
males combined was r = —075. 
Female body composition 
Body compositions of females are given in 
Table 3. There were no hatch effects. There 
was a linear relationship between the 
proportions of total body lipid (X) and 
abdominal fat (Y) that was independent of 
age. The regression equations, whose slopes 
differed significantly (P < 0.05) between the 
two lines, were: 
lean females X = 459 + 514Y (r = 0.88) 
fat females X = 549 + 465Y (r = 0.76). 
There were significant effects of line, 
treatment and age on body fatness. 
Comparisons between the lines showed that 
on the same treatments the lean line birds 
were leaner during the growing period 
(P < 0.05). Fatness increased significantly 
with age in both lines (P < 0.001). However, 
fat line birds initially fattened at a faster rate 
and the greatest difference between the lines 
was reached at 11 weeks. Thereafter, the rate 
of fattening was maintained in the lean line 
but declined in the fat line with the result 
that by 21 weeks body fatness did not differ 
between the lines (P> 0.05). 




FIG. I. Plasma very low density lipoprotein (VLDL) 
concentration, in optical density (OD) units X 103  in 
male ( ... ) and female ( ) broilers from the lean 
(•) and fat (0) lines v. age. Vertical bars are standard 
errors. 
The effect of dietary CP content on body 
fatness was significant in both lines 
(P < 0.01). This effect was greatest at 7 
weeks of age but declined as the birds grew 
older and was not significant from 15 weeks 
in the fat line or at 21 weeks in the lean. 
Body protein content was inversely related 
to body fatness. It declined signficantly with 
age (P < 0.05) and showed significant effects 
of diet at 7 weeks of age in both lines 
(P < 005). However, treatment differences 
were not significant at other ages. 
Body weight 
Mean treatment body weights at 7 and 30 
weeks for males and 7 and 21 weeks for 
females are given in Table 4. Mature body 
weights did not show any significant effects of 
line or diet; treatment effects at maturity 
were not significant but growth was depressed 
in birds in both lines given the diets of 
lowest CP. 
Plasma VLDL 
Within each line and sex, mean plasma 
VLDL concentration for each treatment 
showed a positive relationship with body 
fatness at both .3 and 7 weeks of age. 
However, after that time plasma VLDL did 
not show any treatment differences and 
therefore the data are presented in Figure 1 
as means over all treatments for each line 
and sex. Mean values were always higher for 
fat line birds of both sexes. 
Males showed a gradual decrease in plasma 
VLDL. The differences between the lines 
were significant up to 12 weeks of age 
(P < 0.05) but became smaller and 
insignificant after that time. 
In females the values for the fat line were 
significantly higher at all times (P < 0.05) 
except at 29 weeks of age. Mean values 
within each line were relatively constant up 
to 15 weeks of age but after that time there 
was a large increase in both lines as the 
birds approached sexual maturity. Thereafter, 
the rise relative to immature values was 
similar in both lines. However, within each 
line there was an increased variance as 
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Egg production 
The first eggs were laid during the 19th 
week by hens of the fat line. The first lean 
line eggs appeared the following week. The 
fat line hens reached a peak production of 
28% (hen.day basis) during week 23 whereas 
the lean line peak was 45% during week 24. 
Production declined thereafter, though more 
rapidly in the fat line, and the mean rates of 
lay over the period 22 to 29 weeks were: fat 
line 209%, lean line 393%. These values 
were significantly different (P < 0.05). 
DISCUSSION 
The results of this experiment demonstrate 
genetic and nutritional influences on the way 
that broilers grow and fatten up to maturity. 
They also show that throughout growth there 
is a constant relationship between the 
proportions of abdominal fat and total body 
lipid. This relationship was independent of 
the genetic difference in body fatness in 
males but not in females. 
Selection for body fatness by measurement 
for plasma VLDL concentration at 7 weeks 
has had different effects on the way the two 
sexes fatten up to maturity. In males, the 
lean line is consistently leaner at all stages of 
growth up to 30 weeks. However, the relative 
differences in fatness between the lines 
change during growth, with the fat line 
becoming relatively fatter during the later 
stages. Thus, in groups from each line which, 
because of different dietary treatments, were 
equally fat at 7 weeks of age, the fat line 
birds were consistently fatter thereafter. 
Indeed, the relative difference in fatness 
between the lines, in birds given the same 
diets, was greatest at 30 weeks. 
Diet composition influenced the way in 
which males of both lines approached their 
mature body compositions. Birds of both lines 
given the diets of highest CP content showed 
only a small rate of increase in the 
proportion of body lipid over the whole of 
the growing period. In contrast, males given 
the diets of lowest CP content fattened very 
rapidly during the early stages of growth (up 
to about 12 weeks) but thereafter showed 
declines in the proportions of body lipid. This  
decline was relatively greater in males of the 
lean line. 
Further insight into the growth of males 
can be gained from Table 4 in which are 
presented the absolute weights of lipid and 
protein, calculated using body weight data 
given in the earlier paper (Whitehead and 
Parks, 1988). The data are shown for weeks 
7 and 30, the ages when the largest numbers 
of carcasses were analysed. The values show 
the different effects of dietary CP (or, more 
correctly, dietary CP : ME) on the two 
components. The diet of lowest CP content 
was clearly inadequate for maximum rate of 
lean tissue growth up to 7 weeks in both 
lines but there were no consistent differences 
in lean tissue growth with higher dietary 
levels of CP at this age. However, by the 
time the birds were 30 weeks of age, the 
lean tissue weight of birds given the lowest 
CP diet had caught up to those of birds 
given more CP. Thus, within the ranges 
studied, dietary CP content did not affect the 
mature lean tissue weight in each line, only 
the rate at which it was approached during 
early growth. Moreover, there was little 
difference between the lines in mature lean 
tissue weight. Fat tissue growth, however, 
showed different responses. There was a 
considerable genetic difference and also a 
consistent dietary effect, with weight of body 
lipid being inversely related to dietary CP 
during growth and at maturity. 
Body composition of females showed very 
different responses to selection and diet. Fat 
line females fattened much more rapidly than 
lean line females during the early stages of 
growth. The genetic difference between the 
lines reached a peak at 11 weeks of age. 
However, the lean line fattened more rapidly 
thereafter, with the result that by 21 weeks 
there was no difference in body fatness 
between the lines. Both lines therefore have 
the same mature body fatness, which the fat 
line reaches at an early age. These line 
effects can be explained on the basis of the 
different factors governing fatness in females. 
The lines were selected on the basis of the 
relationship between plasma VLDL and 
fatness at an immature age. However, at the 
approach to sexual maturity, oestrogen 
becomes a dominant factor in lipid 
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metabolism, affecting plasma VLDL and body 
fatness and, as shown later, altering the 
relationship between them. 
Dietary 	CP 	influenced 	the 	body 
composition in females in both lines mainly 
during the earlier stages of growth. However, 
at maturity any residual effect of diet on 
body fatness was small in both lines. 
The effects of line and diet on the total 
weights of lipid and protein in females at 7 
and 21 weeks are shown in Table 4. At 7 
weeks the body protein weight was depressed, 
as in males, by diets of inadequate CP 
content and the amount of body lipid was 
inversely related to dietary CP. However, 
mature body protein weights were the same, 
independent of line or diet, whilst body lipid 
contents were also similar in both lines and 
showed a minimal effect of dietary CP. 
These results thus show that selection has 
resulted in considerable genetic body 
compositional differences in immature males 
and females and mature males, but not in 
females at maturity. These characteristics of 
the sexes are also reflected in the responses 
to changes in diet composition. The 
observations show that broilers, apart from 
mature females, can be inherently fat, even 
when given diets of very high CP content 
(320 g/kg). This conclusion refutes the 
generalization of Emmans (1981) that 
chickens, apart from females approaching 
sexual maturity, aim to have a body lipid 
content of 40 g/kg. 
Plasma VLDL concentrations showed 
consistent differences between the lines. In 
males the relative differences between the 
lines were greatest during the first half of the 
growing period, the time when the 
proportions of body lipid were increasing. 
However, differences between the lines 
diminished during later growth when the 
proportions of body lipid were either constant 
or decreasing on the different treatments. 
Within each line, mean treatment VLDL 
concentration was only related to mean body 
lipid proportion during the former period. 
Line differences in plasma VLDL were 
relatively larger in females throughout the 
growing period. Plasma VLDL rose 
considerably in both lines at the onset of 
sexual maturity. The rise appeared to occur  
at the same time in both lines, but the 
observations were widely spaced and the 
appearance of the first eggs in fat line birds 
suggested that this line might have matured 
slightly earlier. The rise in VLDL between 15 
and 21 weeks was proportionally about the 
same in both lines relative to immature 
levels. Since the lean line was fattening much 
more rapidly over this period, it is apparent 
that plasma VLDL in maturing and mature 
hens does not have the same relationship 
with body fatness as in immature females. 
Plasma VLDL remained substantially different 
between the lines during the first weeks of 
the laying period although the difference 
became insignificant at 29 weeks, largely due 
to considerable individual variation. 
The egg production during the first few 
weeks differed considerably between the lines. 
Total levels of egg production were quite 
low, probably a result of continuous feeding 
ad libitum and lack of photostimulation, but 
the lean line laid almost twice as many eggs 
per hen. It is unlikely that this difference can 
be related to body fatness per Se, since both 
lines had essentially the same body 
compositions by 21 weeks. Nevertheless, there 
would seem to be some residual effect of the 
selection on the basis of an immature 
characteristic that has an influence on 
reproduction. Mean plasma VLDL did differ 
between the lines, but because the birds were 
housed in pens it was not possible to 
determine whether there was any individual 
relationship between mature plasma VLDL 
and egg laying performance. Reproductive 
performance has been the subject of a 
separate more detailed comparison between 
the lines. 
Conclusion 
The results of this study show that 
selection for plasma VLDL at 7 weeks has 
not altered body protein growth in either sex. 
However, in males there are considerable 
genetic and nutritional effects on mature body 
lipid contents, and the way the birds fatten 
to reach these. In contrast in females, 
genetic and nutritional effects are most 
apparent during the early period of growth 
and females approach the same body protein 
and fat contents, irrespective of line or diet. 
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with the onset of sexual maturity. Despite 
this, however, there was evidence of a 
genetic effect on egg production, with fat line 
females laying far fewer eggs. 
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Abstract 1. Reproductive and other characteristics were measured 
at 34 and 60 weeks of age in broiler breeder hens on 6 different 
feeding regimes. The hens came from genetically lean and fat lines 
selected on the basis of low or high 7-week plasma very low density 
lipoprotein (VLDL) concentration. 
Plasma VLDL concentrations were consistently higher at all ages in 
fat line hens but were not affected by dietary treatment. 
Mature body weight did not differ between the lines in birds fed ad 
libitum but with food restriction throughout life, fat line birds were 
lighter at 34 weeks. 
There was little difference between the lines in abdominal fatness 
of birds fed ad libitum up to 60 weeks. Fat line birds were always fatter 
than lean line counterparts under food restriction. 
Egg production was higher in lean line birds fed ad libitum but 
food restriction improved egg production in both lines. Peak egg 
productions were similar in both lines but there was evidence that the 
optimal food allowances for egg production was higher in the lean 
compared with the fat line. 
Ovarian yellow follicle numbers were highest at 34 weeks in ad 
libitum fed lean line birds and declined linearly with decreasing body 
weight caused by food restriction but there was no such relationship 
in fat line birds. 
White follicle numbers were higher and follicular atresia was lower 
in the lean line. 
It is concluded that poor reproduction in fat line birds was 
associated with inhibition of follicular development and atresia rather 
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INTRODUCTION 
Excess fat in broiler carcasses is commercially undesirable and there have 
been efforts in recent years to minimise fatness by genetic selection. By 
selecting for low or high plasma very low density lipoprotein (VLDL) concen-
tration, Whitehead and Griffin (1984) have established lines of lean and fat 
broilers that differ considerably in 7-week body fatness. Fat is, of course, 
required for yolk formation and egg production and there is evidence to - 
suggest that a minimum amount of body fat may be required for sexual 
maturity in hens (Bornstein et at., 1984; Brody et al., 1984). Body growth and 
composition has been compared up to sexual maturity in the lean and fat lines 
(Whitehead and Parks, 1988; Whitehead et at., 1990) but detailed comparisons 
have not been made during the reproductive period. 
The purpose of this study was to compare the relationships between body 
composition, as influenced by genotype and food allowance, and reproductive 
performance in the two lines, and to try to interpret these in relation to 
observations on plasma VLDL concentration and ovarian follicular develop-
ment. Advantage was taken of a large production experiment to investigate 
these relationships in 60-week-old hens but, to obtain further information on 
individual relationships, another group of hens was housed separately in cages 
and studied during the peak period of lay (34 weeks). 
MATERIALS AND METHODS 
Birds and management 
The birds were from the lean and fat lines after the 5th generation of 
selection for low or high plasma VLDL concentration (Whitehead and Griffin, 
1984) and formed part of a larger experiment to investigate reproductive 
performance in these birds (to be reported later). The chicks were reared from 
1 d old in floor pens (36 m 2), 20 birds of one line per pen. 
The photoperiod was 8 h light/24 h between 2 and 22 weeks of age. At 22 
weeks the photoperiod was increased to 11 h light/24 h and subsequently by 
05 h/24 h each week up to 16 h light/24 h. Conventional house temperatures 
of 17 to 20 °C were maintained by controlled ventilation and heating. 
Birds on restricted-feeding treatments were given weighed amounts of 
food daily at 0800 h on a pen basis, or individually in the case of the caged 
birds. In birds fed ad libitum, food intake was recorded weekly. Egg production 
was recorded daily, on an individual basis for caged birds or collectively for 
penned birds. 
Diets and treatments 
There were 4 rearing treatments, involving feeding ad libitum or food 
restriction from 2 weeks of age to achieve target group mean 20-week body 
weights of 28, 20 or 1-7 kg. The diets fed during the rearing period were of 
the standard commercial type. The 6 treatments during the laying period are 
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shown in Table 1. The food-restricted birds in cages were given 09 of the daily 
food allowance given to the birds in pens to take account of the lower 
maintenance energy needs of caged birds. 
TABLE 1 
Experimental treatments 
Daily food and nutrient allowances 
Rearing 	 during the laying period 
treatment Food (g) 	 ME (MJ) 	 CP (g) 
Laying 	 (target 20-wk  
treatment body weight, kg) 	Pens' 	Cages' 	Pens 	Cages 	Pens 	Cages 
I 	 AL 	 AL AL3 
2 17 AL 	AL  
3 	 2-8 	 180 162 	2-07 	1-86 	270 	24-3 
4 2-0 165 	149 1-90 1-71 247 22-3 
5 	 20 	 150 135 	173 	1-55 	22-5 	20-2 
6 17 130 	117 1-49 1-34 22-1 19-9 
ME, Metabolisable energy; CP, crude protein; AL, Feeding ad libitum. 
'Birds in pens were autopsied at 60 weeks. 
2Birds in cages were autopsied at 34 weeks. 
3Measured food intakes at 34 weeks were 214 and 195 g/d for fat and lean lines, respectively. 
4 Measured food intakes at 34 weeks were 191 and 204 g/d for fat and lean lines, respectively. 
The birds on treatments 1 to 5 were fed on diet 1 (Table 2). Birds on 
treatment 6 were fed on diet 2 which had a higher crude protein content to 
provide an adequate daily protein intake on the low daily food allowance. 
TABLE 2 
Composition of experimental diets (g/kg) 
Diet No. 
1 	 2 
Ingredients 
Barley 200 	200 
Maize 310 280 
Wheat 215 	 215 
Soyabean meal 66 66 
Herring meal 70 	 100 
Grass meal 10 10 
Maize oil 15 	 15 
Limestone flour 71 71 
Dicalcium phosphate 23 	 23 
Sodium chloride 3 3 
DL-Methionine 1 	 1 
Vitamin and mineral 6 6 
supplements' 
Analyses 
Crude protein 150 	 170 
Metabolisable energy (MJ) 11-51 	11-47 
'Supplements provided per kg diet: Cu 36 mg, 10-4 mg, Fe 80 mg, 
Mn 100 mg, Se 0-15 mg, Zn 50 mg, retinol 3-6 mg, cholecalciferol 
75 	.tg, a-tocopherol 30 mg, menadione 4 mg, thiamin 4 mg, 
riboflavin 10 mg, pantothenic acid 16 mg, nicotinic acid 70 mg, 
pyridoxine 5 mg, folic acid 2 mg, cyanocobalamin 20 pg, biotin 200 
/2g. 
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Procedures 
Measurements and autopsies were carried out at 34 and 60 weeks on 12 
hens of each line on each of the laying treatment groups. 
34 week study. The hens used in this study were housed from 12 weeks of age in 
single bird cages. Blood samples were taken from birds of both lines on 
treatment 1 at various ages always at the same time of day (between 1400 and 
1600 h). At 33 weeks, blood samples were taken from all birds between 0700 
and 0800 (23 h after feeding), 0930 and 1030 (1 h) 1130 and 1230 (3 h) and 
1400 and 1600 (6 h). The birds were killed and dissected at 34 weeks. 
60 week study. The hens studied at this age were housed throughout in floor 
pens. At 20 weeks of age they were arranged into breeding pens containing 1 
male and 15 females of one line. The 12 hens of each line and treatment 
examined were selected at random from 2 pens at 60 weeks of age. Blood 
samples were taken from each bird and the birds were killed and dissected. 
Measurements 
Blood samples (1 ml) were taken from the wing vein using EDTA as 
anticoagulant. Plasma VLDL concentration was measured using the turbidi-
metric method (Griffin and Whitehead, 1982). The correlation between this 
method and triglyceride concentration in laying hens is high (H. D. Griffin, 
personal communication). 
Birds were killed by an overdose of sodium pentobarbitone. The body 
cavity was opened and the ovary examined. Yellow follicles with diameters 
greater than 8 mm were identified as normal or atretic, detached from the 
ovary, counted and weighed. Normal yellow follicles differing by less than 1 g 
were classed as paired follicles. The ovary was removed from 6 birds per 
treatment and follicles with diameters less than 8 mm (white follicles) were 
detached, identified as normal or atretic and preserved in formalin. Subse-
quently the normal and atretic white follicles were arranged into 4 size groups 
as described by Hocking et al. (1989). The fat lining the abdominal cavity and 
surrounding the gizzard and proventriculus was excised and weighed ('abdomi-
nal fat'). Comb size was calculated as the product of the maximum length and 
height of the comb. 
Statistical analyses 
For birds killed at 34 weeks, the treatments were assigned to blocks of 12 
cages. The birds killed at 60 weeks were part of a randomised block experi-
ment. A linear additive model for the effects of age, strain, treatment and their 
interactions was analysed for all traits. The data for rates of egg production, 
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proportions of yellow follicles developing as pairs, were analysed on the logistic 
scale with extra binomial variation (Williams, 1982). The rates of egg pro-
duction were measured during 14 d before autopsy and data for the two ages 
were analysed separately. The numbers of normal and atretic yellow follicles 
were converted to ranks before analysis. The relationships between plasma 
VLDL and the numbers of yellow and white follicles at both ages were 
examined by covariance analysis of a model which included strain and treat-
ment effects and their interactions with plasma VLDL. 
RESULTS 
The plasma VLDL concentrations up to 33 weeks in the lean and fat line 
hens fed ad libitum (treatment 1) are shown in Fig. 1. Fat line birds showed 
consistently higher values during both immature and mature stages. Both lines 
showed increases before the start of light stimulation at 22 weeks. Mean values 
in both lines fluctuated during the laying period; it was not known whether this 
Was caused by analytical or environmental factors. Plasma VLDL values for all 
the treatments at 34 and 60 weeks are given in Table 3. Both lines showed a 
decline at the later age, but the fat line had significantly (P<0.01) higher 
values at both ages. There were no treatment effects at either age and little 
diurnal variation in the birds serially sampled at 34 weeks, even in the severely 
food-restricted groups (data not shown). 
Age (weeks) 
Fic. 1.—Plasma very low density lipoprotein (VLDL) concentration at different ages in broiler 
breeder hens from the lean ( ) and fat (0) lines fed ad libitum. 
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Data on body characteristics (Table 3) show significant effects of age and 
treatment, and age x treatment interactions (P<0.05), for both body weight 
and abdominal fatness. The fat line was lighter (P<0001), especially on the 
treatments involving more severe restriction, at 34 weeks and consistently 
slightly heavier (P>005) at 60 weeks. Abdominal fatness was higher in the fat 
line on all treatments at both ages (P<0001). However in hens fed ad libitum 
(treatments 1 and 2), the line differences were minimal by 60 weeks. Although 
abdominal fatness increased with age on the other treatments, it was related to 
the severity of food restriction and line differences were maintained. Comb size 
was significantly (P<0001) larger in lean line birds at both ages. 
Egg laying characteristics (Table 3) showed significant effects and interac-
tions of strain and treatment. Age at 1st egg was delayed more by restriction in 
the lean line. Egg production was particularly poor at 34 weeks in fat line birds 
fed ad libitum but improved in both lines with food restriction. By 60 weeks, 
egg production was poor in both lines fed ad libitum throughout, but was 
sustained better by more severe food restriction. 
Data on ovarian follicle numbers and characteristics at both ages are given 
in Table 4. Lean line birds had more normal yellow follicles at both ages on all 
treatments except the most severe restriction (treatment 6) at 34 weeks. There 
was a significant correlation between the number of normal yellow follicles and 
body weight in the lean line at 34 weeks (r0.98, P<0001) but not in the fat 
line nor in either line at 60 weeks. The proportion of birds having no normal 
yellow follicles was equally high in both lines at 60 weeks and did not affect 
these conclusions. The proportions of normal yellow follicles in pairs were 
higher in the lean line birds at 34 weeks but line differences were not apparent 
at 60 weeks. Food restriction decreased the proportions in both lines at both 
ages. The numbers of atretric yellow follicles were unaffected by line or 
treatment at 60 weeks, but at 34 weeks the numbers were elevated by ad libitum 
feeding, especially in the fat line. 
There were more normal white follicles and lower proportions of atretic 
ones in lean line birds at 34 weeks than in the fat line. At 60 weeks there were 
no differences between the lines. Differences between treatments in the 
number of white follicles were significant but did not show any obvious 
relationship with food intake. Treatment effects on atresia were not significant 
at 34 weeks but were significant (P<001) at 60 weeks when the proportions of 
atretic white follicles were high for treatment 1 and relatively low for treatment 
6. 
Mean plasma VLDL concentrations for fat and lean line birds with 
different numbers of yellow follicles are presented in Table 5. There was no 
evidence of a relationship in either line at 34 weeks but there were strong 
positive relationships in both lines at 60 weeks. The pooled regression coeffici-
ents were — 0068±0062 (not significant) and 1-14±012 (P<0•001) at 34 
and 60 weeks respectively. 
There were some positive relationships between plasma VLDL concentra-
tions and the numbers of normal white follicles. The number of follicles 14 to 
<32 mm at 34 weeks was positively related to plasma VLDL in both lines 
(1<0.01). The number of follicles of this size were also positively related to 
TABLE 3 
Plasma lipoprotein, body composition and egg production of lines offal and lean broiler females at 34 and 60 weeks given different amounts offood' 
Treatment' Significance of effects" 
Trait Age Strain SED Strain Treatment 	Strain >( 
(weeks) 1 2 3 4 5 6 treatment 
Plasma VLDL 34 Fat 428 560 507 428 533 372 094 
" NS NS 
(ODU) 3 Lean 327 443 346 306 285 279 
60 Fat 251 222 335 205 310 263 080 
** NS NS 
Lean 171 2'13 111 207 254 105 
Body weight 34 Fat 520 440 374 319 300 276 011 
" " NS 
(kg) Lean 525 448 329 342 331 300 
60 Fat 540 497 553 451 441 340 026 NS 
°" NS 
Lean 521 504 521 439 428 335 
Abdominal fat 34 Fat 79 83 68 45 37 34 6 
(g/kg body wt) Lean 66 65 45 36 43 28 
60 Fat 74 79 80 75 56 44 8 ""''4' "'4"'' NS 
Lean 70 79 61 65 47 23 
Comb size 34 Fat 32 26 23 26 21 33 3 ""4' 
""4"'' NS 
(cm 2 ) Lean 48 37 35 37 32 32 
60 Fat 25 25 25 18 20 23 5 
Lean 44 42 35 37 40 25 
Age at 1st 34 Fat 158 186 172 188 183 195 * *** 
* 
egg (d) Lean 157 180 177 193 194 203 4 
Egg production 34 Fat 025 044 071 069 079 071 
during week Lean 054 064 071 065 074 055 009 NS 
 
(no/hen d) 60 Fat 005 001 000 016 019 039 
Lean 005 014 022 024 035 032 007  
'Values are means for 12 birds except egg production during the 60th week which is mean for 80 birds. 
'See Table 1. 
'Very low density lipoprotein, optical density units. 
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TABLE 5 
Relationships between plasma very low density lipoprotein (VLDL) and the numbers of yellow follicles in fat and lean 
lines of broiler breeder hens at 34 and 60 weeks of age 
34 weeks 60 weeks 
Number of Fat Lean Fat Lean 
yellow 
follicles N VLDL, ODU' 	N VLDL, ODU N VLDL, ODU 	N VLDL, ODU 
0 1 338 	0 - 31 119 26 0'39 
1-4 4 5•63 1 670 13 399 4 123 
5 16 475 	4 3•29 6 393 6 144 
6 24 4•63 4 233 7 4•30 9 257 
7 15 472 	14 407 2 520 9 2•77 
8 2 830 9 309 0 - 11 347 
9-10 2 310 	11 290 3 440 5 2•76 
11-14 0 - 	 12 373 0 - 1 2.00 
RSD 198 139 
'Optical density Units 
plasma VLDL at 60 weeks in the fat (P<001) but not in the lean line. Follicles 
of size 32 to <80 mm were positively related to plasma VLDL only in the fat 
line at 34 weeks. The proportions of atretic white follicles 32 to <80 mm 
were significantly (P<0.05) and negatively related to plasma VLDL in both 
lines. 
DISCUSSION 
The results of these experiments show that selection for an immature 
characteristic (7-week plasma VLDL) has resulted in considerable differences in 
some of the, mature characteristics of the lean and fat lines. These line 
differences, however, can be influenced by nutrition. 
Egg production at peak was very much lower in the fat line among birds 
fed ad libitum. This extends an earlier observation that initial egg production 
under ad libitum feeding was lower in the fat line (Whitehead et al., 1990). 
However in the present study food restriction enhanced egg production in 
both lines so that maximum achievable egg production was comparable in both 
lines. The results contrast with the finding of Leclercq et al. (1985) that egg 
production was similar in lines of lighter fat and lean lines selected by a 
different method. These authors also found no difference in egg production of 
birds fed 085 of ad libitum but their restriction did not commence until 189 d 
of age. Hocking et al. (1989) showed that it was necessary to restrict food from 
98 d of age to observe an effect on ovarian function. 
Body weight in birds fed ad libitum did not differ between the lines, an 
observation consistent with an earlier report (Whitehead and Parks, 1988) that 
growth to maturity in birds fed ad libitum was similar in the two lines. At 34 
weeks it was noticeable that the fat line birds on the more severe food 
restriction (treatments 4, 5 and 6) were lighter than their lean-line counter-
parts. This may reflect the ability of fat line birds during growth to partition a 
greater proportion of nutrients to growth of fat at the expense of lean tissue 
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than the lean line when food is limited (Whitehead and Saunderson, 1988). 
However these relationships did not hold up to 60 weeks. 
Abdominal fatness differed little between the lines at 60 weeks in birds fed 
ad libitum but, among food-restricted birds, the fat line was consistently fatter 
at both ages. This again is consistent with the findings of Whitehead and 
Saunderson (1988) on food-restricted growing birds. 
Plasma VLDL concentrations were 20-fold higher in the mature hens than 
in growing birds. This rise in plasma VLDL reflects the influence of oestrogen 
on lipid metabolism associated with sexual maturation. The basis for lipopro-
tein metabolism thus differs considerably from that in immature birds (an 
illustration of this is the lack of diurnal variation in plasma VLDL in food-
restricted hens that are effectively fasting for much of the day). Nevertheless, 
selection for an immature characteristic of lipoprotein metabolism obviously 
also has residual effects on mature characteristics because there were consis-
tent differences between the lines during the end of the growing period and 
throughout the laying period. 
Plasma VLDL did not show any relationship with numbers of yellow 
follicles within the lines separately or combined over the peak period of lay. 
There is therefore no evidence that plasma VLDL either limits or stimulates 
the production of yolks. However in 60-week-old hens, there was evidence, 
particularly in the lean line, that low plasma VLDL and low number of yellow 
follicles were associated. 
The numbers of yellow follicles differed significantly between the lines, 
being higher in the lean line. Numbers were particularly high in lean line hens 
fed ad libitum, but food restriction had the effect of decreasing yellow follicle 
numbers whilst increasing egg production, as has been observed before in 
broiler breeders (Hocking et al., 1987). In contrast, the yellow follicle numbers 
of the fat line hens fed ad libitum were relatively normal and showed surpris-
ingly little response to food restriction. The poor egg production of fat line 
hens fed ad libitum is therefore not caused by excessive follicle numbers, but 
may be explained by the high rate of atresia and the high proportion of paired 
follicles, a situation which would leave relatively few normal follicles for single 
ovulations. 
Small white follicle numbers also showed considerable strain differences at 
34 weeks, with numbers being much smaller in the fat line. Conversely the 
proportions of these follicles that were atretic were higher in the fat line. 
The degree of food restriction affected many characteristics and showed 
several interactions with line. In general, food restriction was more effective in 
enhancing reproductive performance of the fat line relative to ad libitum fed 
birds at 34 weeks. At this age, the greatest degree of food restriction (treat-
ment 6) had a more detrimental effect on the lean line, in terms of delayed 
sexual maturity and depressed egg production. Whilst food restriction is 
beneficial in both lines, it is probable that the optimum degree of restriction 
may not be so severe in the lean as in the fat line Further niianl- itarive / 	 --------."-"--- 
comparisons between the lines will be published later after analysis of the 
larger body of data from the main experiment. 
It is interesting to speculate on the mechanism that might be involved in 
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some of the ovarian differences observed between the lines. Oestrogens 
stimulate triglyceride synthesis in the liver and injection of exogenous oestro-
gen causes increased fat deposition in growing broilers (Riley et al., 1970). 
Gonadotrophin secretion is inhibited by oestrogen and this could explain the 
higher rates of atresia among yellow follicles, the lower number of small white 
follicles and the smaller combs in the fat line. It is possible that aromatisation 
of androgens to oestrogens is increased in these birds or that tissue sensitivity 
to gonadotrophic secretion has been altered as a result of selection for plasma 
VLDL in the immature bird. It is noteworthy that some groups of growing lean 
broilers also show larger combs than the fat line (H. D. Griffin, unpublished). 
In fat and lean lines selected by a different method, however, Williams et al. 
(1986) did not demonstrate a difference in plasma oestrogen levels. Whatever 
the precise mechanism, it is clear that selection, for an immature characteristic 
has had an effect on hormonal balances that can influence reproduction. 
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Abstract 1. Day old female chicks from two lines of broilers, 
selected for high or low plasma concentrations of very low density 
lipoproteins, were fed ad libitum or restricted until point of lay. All 
birds were fed ad libitum after laying an egg, and aspects of growth 
and reproduction were measured to 40 weeks of age. 
Compared with lean line birds the growth rate of fat line females 
fed ad libitum declined from 16 weeks of age. 
Mortality from apparently stress-related causes in ad libitum fed fat 
line females increased from 16 weeks of age and was 71% overall, 
compared with 26% in ad libitum fed lean line females. Mortality in 
the corresponding restricted birds was 20% and 7%, respectively. 
Few fat line females fed ad libitum commenced lay and those which 
were restricted during rearing stopped laying after the initiation of ad 
libitum feeding. Egg productions in lean line birds fed ad libitum or 
restricted were similar. 
Fat line females fed ad libitum had few yellow follicles and a high 
rate of atresia at first egg and between 37 and 39 weeks, as did 
restricted fat line birds between 37 and 39 weeks of age after being 
fed ad libitum. 
Plasma concentrations of oestradiol-17,8 were 5-fold higher in fat 
compared with lean line females at 35 weeks of age. There was a 
similar large difference in concentrations of plasma triglyceride which 
reached 59 mg/ml in fat line females fed ad libitum. 
INTRODUCTION 
A decrease in the fatness of broiler carcases may be a desirable goal from 
the perspectives of human health and commercial efficiency. Furthermore, it is 
often suggested that obesity is associated with poor reproduction in chickens 
(Siegel and Dunnington, 1985). Fat and lean lines of broilers have been 
23 
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selected on the basis of the weight of abdominal fat of sibs (Leclercq et al., 
1980), food conversion efficiency (Pym and Solvyns, 1979) or plasma very low 
density lipoprotein (VLDL) concentration at 7 weeks of age (Whitehead and 
Griffin, 1984). Some of the mature characteristics of the VLDL-selected lines 
after 3 and 4 generations of selection have been studied. Plasma VLDL 
concentrations were higher at all ages in fat line hens (Whitehead et al., 1990; 
Hocking and Whiehead, 1990). Mature body weight under ad libitum feeding 
was similar (Whitehead and Parks, 1988; Hocking and Whitehead, 1990), but 
lean line birds were still slightly leaner (Whitehead et al., 1990). However, this 
line difference in fatness became more pronounced when the birds' food was 
restricted (Hocking and Whitehead, 1990). Egg production was higher in lean 
line birds fed ad libitum (Whitehead et al., 1990; Hocking and Whitehead, 
1990), but food restriction improved egg production in both lines. The ovaries 
of fat line females fed ad libitum contained a high proportion of atretic yellow 
follicles and there was more extensive atresia in small white follicles of fat line 
birds even when food was severely restricted. In addition, the combs of fat line 
hens were smaller (Hocking and Whitehead, 1990). Studies in other lines of fat 
and lean broilers have not shown any major change in reproductive characters 
(Williams et al., 1986; Cahaner et al., 1986). Selection for increased body 
weight, fatness and food efficiency for 10 generations all resulted in depressed 
rates of lay compared with controls, some of which was attributed to inbreed-
ing depression (Pym, 1985). 
Injections of oestrogen cause an increase in the fatness of growing birds 
(Lorenz, 1954) and plasma VLDL concentrations rise at sexual maturity by 
endogenous oestrogen stimulation. High plasma oestrogen concentrations 
relative to testosterone result in small combs (Breneman, 1956) and it is well 
known that ovarian steroids inhibit gonadotrophin release from the hypothala-
mus (Scanes et al., 1984). These considerations led us to speculate (Hocking 
and Whitehead, 1990) that selection for high plasma VLDL concentrations at 7 
weeks of age might be associated with high plasma oestrogen concentrations in 
the fat line and result in increased fatness, smaller combs and decreased 
ovarian stimulation compared with the lean line. 
The objectives of this paper are to report on the body size and reproduc-
tive characteristics of the two lines after a further 5 generations of selection 
and to document differences in plasma oestrogen concentrations. The birds 
were either fed ad libitum or restricted during rearing and ovarian structure 
was assessed at first egg, and between 37 and 39 weeks of age. Plasma 
concentrations of triglyceride were also determined. 
MATERIALS AND METHODS 
Animals and husbandry 
The birds were hatched from parents of the 10th generation. At hatching 
there were 72 fat and 88 lean line female chicks. They were brooded in 8 pens, 
each with a floor area of 36 rn 2 littered with wood shavings and supplied with a 
suspended drinker and tubular feeder. From 3 weeks of age 2 pens of each line 
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were fed a restricted quantity of food to control body weight to about 04 of ad 
libitum fed birds. At 13 weeks ad libitum fed and restricted birds, respectively, 
were placed in individual cages of sizes 610 X 457 and 305 X 457 mm. A 
broiler starter diet was fed from hatch to 6 weeks of age followed by a 
conventional grower diet to 22 weeks and a broiler breeder layer diet there-
after. Dietary ingredients and compositions are presented in Table 1. The 
starter and grower diets were pelleted and scattered on the floor of restricted 
pens to encourage uniform individual food consumptions. Food restriction 
continued until the birds had laid after which they were fed ad libitum. Lighting 
was 18 h light and 6 h dark (18L:6D) from 0 to 4 weeks, 8L: 16D from 5 to 21 
weeks and 14L: 1OD from 22 weeks of age. Birds which died or were culled 
were sent for examination. 
TABLE 1 
Dietary ingredients (g/kg) and diet composition 
Age diet fed (weeks) 
Ingredient 0-6 7-22 23-40 
Wheat 250 280 364 
Maize 3293 200 
Barley - 300 232 
Wheatfeed - 150 
Soyabean meal (420 g CP/kg) 298 100 81 
Herring (680 g CP/kg) 21 35 25 
Maize gluten (600 g CP/kg) . 	 - 43 
Meat-and-bone meal 46 - - 
Grass meal - 50 - 
Vegetable oil 28 - 10 
Lime 20 10 78 
Dicalcium phosphate - 17-5 9 
Salt 22 25 3 
Vitamins and minerals' 52 52 53 
Coccidiostat4 05 04 
Zinc bacitracin 5 - - 0•25 
Calculated analyses 
Metabolisable energy (MJ/kg) 12-6 11.1 115 
Crude protein (g/kg) 230 155 160 
Calcium (g/kg) 12 11 33 
Phosphorus (g/kg) 5 6 5 
Ether extractives (g/kg) 57 23 50 
'Supplied per kg diet: Cu 36 mg, I 04 mg, Fe 80 mg, Mg 300 mg, Mn 100 mg, 
Zn 50 mg. 
2 Supplied per kg diet: retinol 24 mg, cholecalciferol 50 jig, a-tocopherol 30 mg, 
menadione 2 mg, riboflavin 5 mg, thiamine 2 mg, nicotinic acid 28 mg, panto-
thenic acid 10 mg, biotin 150 jig, pyridoxine 2 mg. 
Supplied per kg diet: retinol 36 mg, cholecalciferol 75 jig, a-tocopherol 30 mg, 
menadione 4 mg, thiamine 4 mg, riboflavin 10 mg, pyridoxine 5 mg, cyanocoba-
lamin 20 jig, folic acid 2 mg, biotin 200 jig, pantothenic acid 16 mg, nicotinic acid 
70 mg. . 
Amprolmix, Merck Sharp and Dohme Ltd., Hoddeston, U.K. 
Albac, Apothekernes Laboratoriumas, Oslo, Norway. 
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Observations 
All birds were weighed at 4-weekly intervals and all dead birds were 
autopsied to determine the probable cause of death. Individual weekly food 
consumptions were recorded after caging for all birds fed ad libitum. Six birds 
from each treatment were dissected at sexual maturity which was defined as age 
at first egg. Each hen was weighed as soon as possible after laying its first egg 
and was killed by an overdose of sodium pentobarbitone. The abdominal cavity 
was opened ventrally and the ovary was exposed. The oviduct was dissected out 
and weighed. Normal and atretic yellow follicles were removed and counted. 
The ovary was detached and weighed, and small follicles of less than 8 mm 
diameter were cut off. Grossly atretic follicles were counted and the normal 
follicles were preserved in buffered neutral formalin. At a later date these 
follicles were sorted into size categories and counted as described by Hocking 
et al. (1989). Abdominal leaf fat and fat surrounding the proventriculus and 
gizzard was removed and weighed (abdominal fat). Comb size was defined as 
the product of the maximum height and length of the comb. 
At 35 weeks of age, blood (8 ml) was collected from the wing vein of 6 
birds on each treatment into heparinised tubes. After centrifugation at 3000 g 
for 15 mins, plasma was removed and stored at — 80°C. At a later date the 
plasma samples were thawed and small aliquots were taken for determination 
of oestrogen and triglyceride concentrations. Oestradiol-1 7$ (oestrogen) was 
estimated by radioimmunoassay (RIA) by the method of Webb et al. (1985). 
Inter- and intra-assay coefficients of variation were 15 and 12%. Total plasma 
triglyceride was assessed in one trial using a commercial procedure (No. 339, 
Sigma Diagnostics, Poole, U.K.). The intra-assay coefficient of variation was 
27%. 
Statistical analysis 
The factorial design became unbalanced because of mortality and analyses 
of variance for non-orthogonal data were performed by the method of fitting 
constants. Mortality of treatment groups was compared by x2  criteria. The 
proportion of atretic yellow follicles was analysed on the logistic scale with 
extra binomial variation modelled by the method of Williams (1982). The 
plasma concentrations of oestradiol and triglyceride were transformed to 
natural logarithms before analysis. 
RESULTS 
Bodyweights, mortality, sexual maturity and egg production 
Mean body weights at 12 weeks of age were 311, 118, 319 and 1-21 kg, 
respectively, for ad libitum fed fat, restricted fat, ad libitum fed lean and 
restricted lean birds. At 24 weeks of age the respective means were 435, 263, 
520 and 274 kg. Corresponding standard errors were 015, 003, 0-09 and 
002. The difference between ad libitum fed fat and lean females was apparent 
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at 16 weeks of age when they weighed 376 and 413 kg, respectively, 
compared with 153 and 156 kg for restricted birds. 
Mortality during the rearing phase was similar in all 4 groups, but was 
raised in fat line females from 17 weeks of age (Table 2) at the onset of sexual 
maturity. Mortality to 36 weeks of age was about 3-fold higher in birds- fed ad 
libitum compared with restricted hens and was about 3-fold higher in fat 
compared with lean birds. Post-mortem examinations showed that almost 70% 
of the mortality after 16 weeks. in ad. libitum fed fat line females could be 
ascribed to stress-related cardiac disorders (ascites, sudden death syndrome or 
'cause not determined'); There were 5 deaths from tumours, all in the fat line 
(3 fed ad libitum and 2 restricted). Over the same period, all ad libitum fed fat 
line birds panted throughout the day and were comparatively, immobile, only 
standing to eat. Restricted fat line females showed similar signs of stress after 
several weeks of ad libitum feeding whereas ad libitum fed or restricted lean line 
birds did not. 
TABLE 2 
Mortality of fat and lean broiler parents fed ad libitum 
- 	(AL) or restricted (R) during rearing 
Fat 	 Lean 
Age (weeks) 	AL 	R 	AL 	R 
0-16 3 2 4 2 
17-20 7 0 1 0 
21-24 6 1 1 0 
25-28 5 2 0 0 
29-32 3 0 2 0 
33-36 1 2 3 1 
Total 25 7 11 3 
Number at start 35 35 42 46 
Mortality (%) 71 20 26 	- 7 
- 	Only 4 of the 10 surviving ad libitum fed fat line females came into lay. The 
average age at first egg (Table 3) was similar in restricted birds of both! lines 
and, in view of the small number of fat- line birds starting lay, little emphasis 
should be placed on the difference between ad libitum fed birds of the two 
strains. The peak weekly and the mean weekly rates of lay from 30 to 36 weeks 
of age are presented in Table 3. Many restricted fat line hens laid well initially, 
but after the onset of ad libitum feeding rapidly ceased laying. In contrast, both 
peak and 30 to 36 week rates of lay were similar in lean line birds fed ad libitum 
or restricted during rearing and were markedly superior to those of fat line 
hens. Food intakes from 30 to 36 weeks of age were similar in ad libitum fed 
lean and restricted fat line birds. Food intakes over this period were higher 
(P< 00011) in restricted lean, and lower- (P< 0001) in ad libitum fed fat line 
hens compared with food intakes in the other two groups. - 
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Body weight and ovarian structure 
The body weights and ovarian structure of birds examined at first egg and 
of all those autopsied between 37 and 39 weeks of age are presented separately 
for the 4 groups in Table 4. The differences in body weights at both ages were 
comparable with those at 24 weeks of age. Abdominal fatness was higher 
(P< 0-00 1) in ad libitum fed birds and fat line females. Comb size was greater 
(P< OOl) in lean compared with fat line females and in restricted compared 
with ad libitum fed birds at first egg. 
The total numbers of yellow follicles were similar in the two lines at sexual 
maturity (Table 4). However, a high proportion of yellow follicles in ad libitum 
fed fat line pullets were atretic. Controlling body weight during rearing led to a 
decrease (P< 0.01) in the number of yellow follicles at sexual maturity. There 
were smaller numbers of yellow follicles at 36 to 39 weeks in all groups. Only 
one ad libitum fed fat line bird had any yellow follicles at this age and most of 
these were atretic. There were also relatively few yellow follicles and high rates 
of atresia seen between 36 and 39 weeks of age in fat line females which had 
been restricted during rearing. The numbers of yellow follicles and rate of 
atresia in the lean line were similar in the two groups between 36 and 39 weeks. 
The pattern of differences between treatments in the numbers of white 
follicles-of different diameters was similar at both ages and the total numbers 
are - presented in Table 4. The numbers of normal white follicles at first egg 
were decreased (P < 0001) by restricted rearing and were high in the relatively 
few. ad- libitum fed fat line birds. Between 36 and 39 weeks there were more 
follicles in the ad libitum fed lean line birds; numbers in ad libitum fed fat line 
birds and in both restricted groups were similar. At first egg rates of atresia 
among white follicles were similar in different groups. For example, the 
-numbers of -follicles between 18 and 23 mm diameter, as a proportion of 
those less than 1-8 mm diameter for birds fed ad libitum, were 050 and 043 
for fat line and 041 and 033 for lean line females, respectively. Between 36 
and 39 weeks comparable rates of atresia were lower for fat than for lean line 
birds (027, 028, 050 and 050, respectively). Restricted fat and lean birds had 
similar numbers of follicles less than 40 mm diameter (38 v. 32), but consider-
ably fewer follicles between 40 and 80 mm in diameter (2 v. 6). There was a 
high number of grossly atretic white follicles in ad libitum fed fat line birds at 
first egg, but there were no significant treatment differences between 36 and 
39 weeks of age. 
Physiological assessments 
Plasma concentrations of oestradiol and triglyceride at 35 weeks of age are 
presented in the Fig. The concentration of oestradiol was 369 pg/mI in fat line 
hens compared with 74 pg/mI in lean line hens (on the log scale the means 
were 591 v. 431 (SED 0291) loge pg/ml, P<0.001). Concentrations of 
oestradiol in ad libitum fed and restricted birds were 196 and 135 pg/mi, and 
were not significantly different (528 v. 494 (SED 0.291) loge  pg/mi). There 
was a large difference between the two lines in the plasma triglyceride concen-
trations which averaged 489 and 65 mg/ml, respectively, in fat and lean hens 
TABLE 4 
Body weight and ovarian structure at first egg (FE) and 37 to 39 weeks of age (post peak, PP) offal and lean broiler parents fed ad libitum (AL) or restricted (R) during rearing 
Fat Lean Significance of effects 
Trait Age AL R AL R RSD Strain Rearing Interaction 
Number of birds FE 3 6 6 6 - - - - 
PP 7 18(6 1 ) 10 22(101) - - - - 
Body weight (kg) FE 439 311 528 343 029 '' * 
PP 4•46 412 508 420 044 NS * 
Abdominal fat (g/kg) FE 72 43 51 22 11 NS 
PP 83 56 55 40 15 *** '' NS 
Comb size (cm') FE 24 17 40 22 7 ** NS 
PP 25 30 47 34 12 ** NS * 	 C) 
Total yellow follicles (N) FE 127 82 117 82 27 NS ** NS 	Z 
PP 14 36 89 86 32 '°°' NS NS 
Atretic yellow follicles (proportion) FE 036 002 000 000 _2 *** *** NS 
PP 087 039 006 006 - NS NS 
Normal white follicles (N) FE 115 40 70 63 18 NS 
PP 63 52 108 56 23 ** *** * 
Atretic white follicles (N) FE 58 2 14 10 20 NS * * 
PP 29 33 32 22 13 NS NS NS 
Number of birds with data for white follicles. 
2  Approximate standard errors of the mean proportions were 004, 0•01 for fat AL and R birds, respectively. There were no atretic yellow follicles among lean 
birds. 
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(3-89 v. 187 (SED 0-27) loge mg/ml, P<0001), but the interaction with 
rearing treatment was significant (P < 0-05). Restricted lean line females had a 
higher concentration than ad libitum fed birds while restricted fat line females 
had a lower concentration than ad libitum fed hens (Fig.). 
FIG—Plasma concentrations of oestradiol-I 7fl and triglyceride at 35 weeks of age in fat and lean 
line broiler females fed ad libitum or restricted during rearing. 
DISCUSSION 
Body weights and food intakes of the two lines were similar throughout life 
in earlier generations (Whitehead et al., 1990; Hocking and Whitehead, 1990) 
but were clearly lower in ad libitum fed fat line hens after the onset of sexual 
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maturity in this experiment. However, daily food intakes of the fat and lean 
lines fed ad libitum were similar when expressed as a proportion of body 
weight (37 v. 38 g/kg, respectively). Ovarian follicular activity is first seen at 
16 weeks of age (Hocking et al., 1989) and it is at this age that body weights 
in the fat line birds fed ad libitum began to diverge from those of the lean 
line. Mortality of these fat birds increased dramatically from the same age and 
few of them came into lay. They were obviously stressed, and the largest and 
fattest hens appeared to be the ones which died. The blood from surviving 
birds was viscous and plasma contained nearly 60 mg/ml triglyceride. The 
results suggest that the greater mortality in these birds could be attributed to 
their higher plasma lipid. There may be some parallels with fatty liver hae-
morrhagic syndrome (FLHS) in laying birds which is associated with raised 
plasma oestrogen concentrations (Maurice et al., 1979). However, there was 
no evidence of FLHS on post-mortem examination in these birds. Controlling 
food intake in fat line birds during rearing may reduce the plasma concentra-
tions of triglyceride but once ad libitum feeding was permitted the birds 
became obese, started panting and stopped producing eggs. In contrast to the 
fat line, lean birds laid well when fed ad libitum or restricted during 
rearing. 
Ages at sexual maturity in the fourth generation of selection were similar 
in fat and lean line birds fed ad libitum (Hocking and Whitehead, 1990) and the 
delay in maturity of ad libitum fed fat line hens in this experiment was probably 
a consequence of mortality among the birds maturing at an earlier age. Sexual 
maturity in restricted lean line birds was later than restricted fat line pullets in 
both experiments. 
Although the relative amount of abdominal fat in ad libitum fed fat line 
hens was comparable to that found in the earlier study, the lean line hens had 
less abdominal fat than before (Hocking and Whitehead, 1990). Mortality 
among the fatter hens from the fat line would have biased downwards the mean 
abdominal fatness in survivors. 
In both studies comb size was greater in lean compared with fat line birds 
and it was this difference, combined with the greater fatness and higher rates 
of follicular atresia, which led us to speculate (Hocking and Whitehead, 1990) 
that the fat line hens might have a higher concentration of plasma oestrogen. 
There was, in fact, a 5-fold difference in oestrogen concentrations in fat 
compared with lean line birds when fed ad libitum or restricted. Concentrations 
of oestradiol-17/3 in the plasma of a contemporary commercial broiler breeder 
flock were 265 and 293 pg/ml, respectively, in birds fed ad libitum or restricted 
during rearing (unpublished results). Williams et al. (1986) reported mature 
plasma oestradiol-1 7$ concentrations of 300 to 350 pg/ml in both fat and lean 
broiler lines selected on the basis of immature abdominal fatness. These results 
are intermediate between those for ad libitum fed fat and lean lines in the 
present work and suggest that selection for both high and low 7-week plasma 
VLDL concentrations has affected plasma oestrogen concentrations in adult 
birds. In general, large differences between selected lines for physiological 
traits have not been found (Bulfield, 1980) and the changes in plasma oestro-
gen concentrations in this experiment are particularly noteworthy. 
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Ovarian steroids have a predominantly negative effect on gonadotrophin 
output and if oestrogen concentrations were high it might be anticipated that 
the ovaries of fat line females should contain fewer follicles and exhibit higher 
rates of follicular atresia. There were high rates of atresia and relatively few 
normal yellow follicles greater than 8 mm diameter ,  in fat compared with lean 
line birds at both ages. In fat compared with lean line birds there was a low 
number of white follicles greater than 5 mm diameter at 36 to 39 weeks (4 and 
2 for fat v. 11 and 6 for lean line fed ad libitum and restricted, respectively), 
but not at first egg (9 and 4 v. 6 and 5). The numbers of yellow follicles in 
restricted birds were similar in both lines at first egg, but the subsequent rate 
of egg production in restricted fat line hens was very poor. Between 36 
and 39 weeks their follicular structure was similar to that of fat line females 
which had been fed ad libitum throughout. At sexual maturity, oviduct 
weights were heavier (P <0-05) in lean compared with fat line birds (74 
and 71 v. 61 and 58 g (SED 6) for ad libitum and restricted hens, respec-
tively) and between 36 and 39 weeks the oviducts of fat line females were 
not functional (average oviduct weights were 77 and 73 v. 13 and 23 (SED 
7) g, P <0-001  for lean and fat line birds fed ad libitum or restricted, 
respectively). 
With the exception of the few ad libitum fed females at first egg (which may 
have been. atypical), the fat line birds generally had fewer follicles less than 
3 mm diameter than those of the lean line. The ovary weights showed a similar 
trend and between 36 and 39 weeks averaged 10-9 and 9-3 g for fat compared 
to 14-3 and 12-9 g for lean line birds fed ad.libitum and restricted, respectively. 
The strain difference was significant (P < 0-01), but the rearing treatment 
difference was not (the RSD was 4-8 g). Taken together the.results suggest that 
follicle-stimulating 'hormone (FSH) may be deficient in fat line birds. This is 
consistent with the negative relationship between FSH and oestradiol (Scanes et 
al., 1984). However, high plasma concentration of oestrogen may be incidental 
to another change rather than being the cause of low ovarian activity in these 
birds. Alternatively, there may be some underlying physiological difference 
relating to the higher plasma triglyceride concentrations which alters the 
sensitivity or responses to gonadotrophins in fat line females. Williams et al. 
(1986) did not find a difference in plasma oestrogen concentration between 
lines selected for high and low abdominal fatness. 
These results indicate that continued selection for high 7-week-old plasma 
VLDL concentrations has resulted in a fat line, the females of which, when they 
reach adulthood; have such severely impaired livability and reproductive traits 
that they can only be maintained by the application of severe food restriction. 
It is probable that these problems are directly related to the very high plasma 
VLDL and oestrogen concentrations in the fat line. These values can be 
decreased in this line by food restriction. In contrast, lean line females showed 
much lower plasma VLDL and oestrogen concentrations and good livability 
and reproductive traits, whether or not food intake, had been restricted. These 
results suggest that selection for low plasma VLDL in broilers could decrease 
the need for food restriction as a means of maximising egg output in broiler 
breeders. - 
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ABSTRACT 
Daily changes in the concentrations of plasma cortico-
sterone, prolactin, thyroid hormones and somatomedin 
C were measured in 28-day-old fat and lean lines of 
broilers produced by selection for high and low concen-
trations of very low density lipoproteins (VLDL). The 
effects of daily injections of corticosterone on the 
concentrations of these hormones and on fattening 
were compared in the two lines. The selection procedure 
had no effect on the concentrations of any of the 
hormones. However, daily rhythms in concentrations 
of plasma corticosterone, tri-iodothyronine (T 3 ) and 
prolactin were less often observed in the fat line than 
in the lean line. No differences were seen between lines 
in the daily rhythms in plasma thyroxine (T 4) and 
somatomedin C. Daily injections of 2500 jig cortico-
sterone/kg body weight, in both lines, depressed mean 
concentrations of plasma prolactin, T 3 and somato-
medin C and body weight. This dose of corticosterone 
also increased abdominal fat pad and liver weights 
expressed as a percentage of body weight. The liver and 
fat pad responses to 2500 jig corticosterone in both lines 
were greater when the steroid was injected at the end 
rather than towards the beginning of the 14-h daily 
photoperiod. There was no difference between the 
lines in the fattening response to corticosterone. 
Lower doses of 100 and 500 jig corticosterone per day 
did not induce fattening or affect concentrations of 
plasma prolactin. They did, however, depress concen-
trations of plasma T 3 . Concentrations of plasma T 4 
were increased in both lines treated with 2500, but 
not with 100 or 500 jig corticosterone, towards the 
beginning of the daily photoperiod. It is concluded 
that selection for low and high concentrations of 
VLDL does not affect mean levels of the hormones 
measured at 28 days of age or the fattening response to 
corticosterone. It does, however, alter the amplitude in 
the daily rhythm in concentrations of corticosterone, 
T3  and prolactin. The fattening response to cortico-
sterone is associated with depressed concentrations of 
plasma prolactin, T 3 and somatomedin C. 
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INTRODUCTION 
Injections of corticosterone decrease body weight and 
increase food consumption, liver weight and abdomi-
nal fat pad size in the domestic fowl (Nagra, 1965; 
Bartov, Jensen &Veltmann, 1980; Bartov, 1982): these 
effects depend on the time of day at which the steroid 
is administered (Meier & Martin, 1971; Simpkins & 
Smith, 1976). Fat deposition in birds is also induced 
by injections of prolactin (Goodridge & Ball, 1967) 
and again the time of day at which the hormone is 
injected determines the magnitude of the response 
(Meier, 1977). The daily variation in fattening response 
to injections of corticosterone and prolactin has led to 
the view that fat deposition is related to the temporal 
relationship between daily rhythms in the concen-
trations of the two hormones (Meier & Martin, 1971; 
Simpkins & Smith, 1976). In addition to corticosterone 
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and prolactin, other hormones play a role in metab-
olism and fat deposition in birds (Raheja, Linscheer, 
Coulson ci al. 1980; Touchburn, Simon & Leclercq, 
1981; Stewart & Washburn, 1983). 
The poultry industry is concerned about the increase 
in fatness in meat-type chickens and several selection 
procedures have been devised to counter this trend. 
One such procedure involves selection of birds at 7 
weeks of age for low concentrations of very low 
density lipoprotein (VLDL) in the plasma (Griffin, 
Whitehead & Broadbent, 1982). 
The object of this study was to determine whether 
the selection for high or low fat content, based on 
the plasma VLDL concentration, is accompanied by 
changes in concentration of plasma corticosterone, 
prolactin, thyroid hormones and somatomedin C and 
in the fattening response to corticosterone. 
MATERIALS AND METHODS 
.Animals 
The experimental birds were fat and lean lines of 
female broilers selected at 7 weeks of age and over 
four generations for high or low concentrations of 
plasma VLDL. In the previous generation, plasma 
VLDL concentrations in the two experimental lines 
differed by about 25-fold. Birds of the low plasma 
VLDL line had significantly lower levels of fat than 
those of the high VLDL line (14.2 vs 196% of body 
weight in males; 161 vs 212% in females). The 
broilers were reared in brooders until 21 days of age 
and then transferred to cages in a room held at 
24± 1 °C and maintained in groups of three or four 
birds per cage. The birds were exposed to 14 h of light 
per day, with midnight as the mid-point of the dark 
period. They were fed a broiler starter diet containing 
23% crude protein and 1255 MJ metabolizable 
energy/kg. Both food and water were available ad 
libitum. 
Experimental design 
Birds within each line were randomized at 22 days 
amongst eight experimental groups (n=6-8). Initial 
body weights were not significantly different between 
experimental groups. Four groups were treated with 
corticosterone at 09.00 h and four groups were 
injected with the steroid at 18.00 h. At these times, 
groups were injected with 0, 100, 500 or 2500 jtg 
corticosterorie/kg body weight in 100-200 jil arachis 
oil. The injections were given i.m. on the right and left 
side of the breast on alternate days for 12 consecutive 
days from 22 until 33 days of age. 
In summary, the experimental design resulted in 16 
treatments consisting of two lines of broilers (fat and 
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lean) x two times of injections of corticosterone x four 
doses of corticosterone. The birds were weighed every 
day during the treatment period and the appropriate 
adjustments were made in the amount of corticoster-
one administered to maintain the correct daily dose. 
After 6 days of corticosterone or control injections, 
the birds were bled serially for 24 h (see below) to 
measure daily changes in the concentrations of plasma 
corticosterone, prolactin, thyroxine (T 4), tn-
iodothyronine (T 3) and somatomedin C. 
On the day after the last corticosterone or control 
injection, 5 ml blood was taken to measure plasma 
concentrations of free fatty acids. The birds were then 
killed and the body, liver and abdominal fat pad were 
weighed. 
Blood sampling schedule 
Serial blood samples (1.5 ml) were taken from a wing 
vein using a heparinized syringe. In birds injected at 
09.00 h, samples were taken at 09.00, 13.00, 17.00, 
21.00, 01.00, 05.30 and again at 09.00 h. In birds 
injected at 18.00 h, blood samples were taken at 10.00, 
14.00, 18.00, 22.00, 02.00, 06.30 and again at 10.00 h. 
When blood samples were taken and injections were 
given at the same time, the blood sample was taken 
before the injection. 
Assay procedures 
Free fatty acid concentrations were measured by a 
semi-automatic method using a Technicon auto 
analyser (Bowyer, Credland & King, 1978). Prolactin 
was assayed using homologous post-precipitation 
double-antibody radioimmunoassay (RIA) (Lea, 
Sharp & Chadwick, 1982) in a single assay. Commercial 
kits were used to measure T 4 (T4 RIA (PEG); Abbott 
Diagnostics Division, Antwerp, Belgium), T 3 (Dac-
Cel T3 ; Wellcome Reagents Ltd, Beckenham, Kent) 
with an intra-assay coefficient of variation of 47 and 
3•1 % respectively. Validity for chicken serum is given 
elsewhere (Decuypere, Nouwen, Kuhn ci al. 1979). 
Corticosterone was also assayed with a commercial 
kit ( 1251-corticosterone RIA; Cambridge Medical 
Diagnostics, Billerica, MA, U.S.A.) with intra- and 
interassay coefficients of variation between 10 and 
15%. Somatomedin C activity was measured using a 
heterologous RIA (Huybrechts, King, Lauterio ci al. 
1985). 
Statistics 
The data were analysed by analysis of variance using 
the Statistical Analysis Systems General Linear Model 
(GLM) procedures (Barr, Goodnight, Stall & Helwig, 
1979). Differences between corticosterone treatments 
within line and injection time were assessed by the 
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GLM option 'Duncan's multiple range test'. Differ-
ences between both lines were analysed by Student's 
1-tests. The circadian rhythmicities in plasma hormone 
concentrations were calculated by cosinor analysis 
(Halberg, Johnson, Nelson etal. 1972). Since standard 
errors were known for each sinusoidal function it was 
possible to use Student's 1-tests to compare the daily 
rhythms in control and treated groups. This was only 
done when a significant (P<005) daily rhythm was 
observed. When no rhythm could be demonstrated, 
however, only the mean values of the calculated 
functions were compared. 
RESULTS 
Effects of corticosterone on food consumption, growth, 
fat deposition and plasma free fatty acids 
Food consumption was similar in fat and lean lines 
and was not affected by treatment with corticosterone 
(Table 1). The increase in body weight during the 
12-day experiment was similar in birds from both lines 
injected with oil or the two lower doses of cortico-
sterone. However, the highest dose of corticosterone 
depressed body weight gain in the fat and lean lines 
equally. 
The heavier weight of the abdominal fat pads in the 
fat line compared with that in the lean line was an 
expected characteristic of the genotype (Table 1). The 
highest dose of corticosterone caused an increase in 
both lines in fat pad weight expressed as a percentage of 
body weight. If no allowance was made for differences 
in body weight, the highest dose of corticosterone 
increased abdominal fat pad weight only when admin-
istered to the fat line at 18.00 h(Table 1). Analysis of 
variance showed that there was no difference between 
the lines in the fattening response to corticosterone but 
there was an effect of time of day at which the steroid 
was administered. The highest dose of corticosterone 
also caused an increase in liver weight, expressed as a 
percentage of body weight in both lines injected in the 
late afternoon but not when injected in the morning. 
If no allowance was made for differences in body 
weight, the 2500 tg dose of corticosterone caused a 
significant increase in liver weight in the fat but not in 
the lean line when administered at 18.00h (Table 1). 
Concentrations of plasma free fatty acids were the same 
in oil-injected fat and lean line birds. The highest dose 
ofcorticosterone depressed free fatty acids in both lines 
but only when given in the afternoon (Table 1). 
Effects of corticosterone on plasma corticosterone, 
prolactin, T4, T3 and somatomedin C 
Injection of 2500 l.Lg corticosterone/kg in fat and lean 
lines depressed the mean concentrations over 24 h of 
prolactin, somatomedin C and T 3 and increased the 
mean concentration of plasma T 4 (Table 2). These 
effects were confirmed by the significant differences in 
the levels of the sine functions fitted to the daily 
changes in the concentrations of these hormones. The 
depressive effect of 2500 Vg on concentrations of 
plasma prolactin, somatomedin C and T 3 were the 
same in both lines and independent of the time of day 
at which the steroid was administered. Plasma T 3 , but 
not plasma prolactin, was depressed in both lines after 
treatment with 500 .ig corticosterone. The depressive 
effect of corticosterone on plasma T 3 appeared to be 
greater in the lean than in the fat line since 100 g 
corticosterone depressed mean T 3 levels significantly 
in lean line broilers. The stimulatory effect of cortico-
sterone on plasma T 4 depended on the time of day at 
which the steroid was injected: it was only observed in 
some groups of birds injected with corticosterone in 
the morning (Table 2). 
Injections of 2500 Vg corticosterone/kg depressed 
plasma somatomedin C as effectively in the fat as in 
the lean line (Table 2). 
Comparison of daily rhythms in plasma corticosterone, 
prolactin, thyroid hormones and somatomedin C in fat 
and lean lines 
There were no significant differences between control 
birds from the fat and lean lines in the mean levels of 
sine functions fitted to the daily changes in these 
hormones. Daily rhythms in concentrations of plasma 
corticosterone were found in oil-injected lean line 
birds but not in oil-injected fat line birds (Table 2). 
Similarly, daily rhythms in plasma corticosterone 
were seen in most groups from the lean line but not in 
the majority of groups from the fat line injected with 
corticosterone. 
Daily rhythms in concentrations of plasma prolactin 
were seen in lean and fat line birds injected with oil in 
the morning and in lean line but not in fat line birds 
injected with oil in the afternoon (Table 2). In birds 
injected with corticosterone, daily rhythms in plasma 
prolactin were seen in most of the groups from the 
lean line but were only present in two out of six groups 
of birds from the fat line. 
Daily rhythms in concentrations of plasma T 4 were 
present in control, oil-injected birds from both lines. 
The daily T4 rhythms disappeared in lean and fat lines 
when the higher doses ofcorticosterone were injected in 
the afternoon. When broilers of both lines were injected 
in the morning, the T4 rhythm was accentuated as 
is reflected in the lower P values and the higher 
amplitudes (Table 2). 
Daily rhythms in concentrations of plasma T 3 were 
seen in oil-injected lean line birds but not in fat line 
birds. In birds injected with corticosterone, daily 
rhythms in plasma T 3 were not observed in the 
majority of groups of both lines (Table 2). 
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TABLE I Effect ofcorticostcrone on food consumption, body weight gain, abdominal fat and liver weight and plasma free fatty 
acid concentration in fat line and lean line chicks. Values are means ± S.D.; ii = 6-8 
Food Body wt Abdominal 
consumed gain fat pad 
(g/bird)t (g/bird) (g/bird)1: 
Fat Lean Fat Lean Fat Lean 
Dose of corticosterone (jig/kg body wt) 
Injected 09.00 h 
0 1112 1140 466 503 181 13-8 
±73 ±61 ±5-li ±4-0k 
100 1200 1140 509 507 22-3 15-8 
±33 ±62 ±4-3m ±48a 
500 1116 1261 403 471 186 14-8 
±29a ±42' ±3- 5 ±3-1' 
2500 1134 1116 342 312 22-1 17-4 
±60b ±79b ±37 ±2-9 
Injected 18.00 h 
0 1131 1181 458 532 216 147 
±32' ±71' ±59' ±3 -4' 
100 1180 1230 507 523 211 18-3 
±72' ±4 lb ±7-0' ±5-4' 
500 1124 1131 465 464 19-7 17-2 
±39' ±60" ±3 - 5' ±2 - 7 
2500 1135 1101 334 318 30-0 20-1 
±4l' ±30' ±7 -9' ±6-7" 
Significance of treatment effect 
Line -NS ** 
Time NS * 
Dose ** ** 
Time x dose NS NS 
No differences were seen in the daily rhythms of 
plasma somatomedin C between the two lines except 
that a daily somatomedin C rhythm for control birds 
was only detected for lean line birds injected with oil at 
09.00 h (Table 2). In the corticosterone-treated broilers, 
a significant somatomedin C rhythm was 
calculated for both lines and at both injection times. 
The acrophase for the birds treated with corticosterone 
at 09.00 It occurred near the end of the dark period while 
for the birds treated at 18.00 h the acrophase occurred 
at noon. 
DISCUSSION 
In the present experiment fat line birds did not 
consume more food in relation to body weight gain 
than lean line birds but were still significantly fatter 
than the lean line. Hyperphagia is therefore probably 
not the main cause of increased adiposity in broilers, a 
conclusion that Leclercq & Saadoun (1982) have 
already reached from studies on lean and fat chickens 
selected by another method. A glucose/insulin imbal-
ance may be the cause of fatness in those birds 
(Touchburn et al. 1981). 
Corticosterone injection did not increase the food 
consumptioi of either line. This observation contrasts 
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with reports of other studies where corticosterone 
enhanced food intake in chickens (Nagra, 1965; 
Bartov et al. 1980; Bartov, 1982), but means that, 
again, hyperphagia was not the cause of the increased 
fatness of injected birds. Instead, a more likely explan-
ation is that the glucocorticoid treatment increased 
lipogenesis and modified metabolism in favour of fat 
deposition. These metabolic changes occurred to the 
same extent in both lines for, although the lines 
differed in degree of abdominal fatness, they showed 
the same relative responses to corticosterone. 
Body weight gain in both lines was decreased only 
by a large dose of corticosterone (2500 rig/kg per day) 
regardless of the time of day of injection. This is in 
agreement with other observations (Nagra, 1965; 
Bartov et al. 1980; Bartov, 1982) and probably results 
from the catabolic action of glucocorticoids and 
the inhibition of somatomedin production (Scanes, 
Harvey, Marsh & King, 1984). The higher liver weight 
in the fat line and the response in both lines to 
corticosterone presumably reflects an increase in lipo-
genesis. Similar differences have been observed in 
other fat and lean lines (Saadoun & Leclercq, 1983). 
Since the rate of lipogenesis is highest in the birds 
treated with the highest dose of corticosterone, while 
plasma free fatty acid concentration is inversely 
related to fatty acid biosynthesis (Yeh & Leveille, 
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Abdominal Free fatty 
fat pad Liver wt Liver wt acids 
(% body wt) (g/bird) (% body wt) (pimol/ml) 
Fat Lean Fat Lean Fat Lean Fat Lean 
204 1-45 318 303 356 323 042 047 
±O32b ±027b ±90 ±53 ±048 ±034k ±020 ±026 
238 166 319 294 341 312 031 045 
±O31 ±O35b ± 45 ±73 ±029 ±061 ±01 I ±038 
225 165 256 283 312 311 033 034 
±031 b ±025b ±9.3a ±32 ±049 ±03I ±008 ±008 
273 225 306 275 378 356 027 037 
±037 ±043 ±6Y ±28 ±073' ±057 ±012 ±015 
246 150 324 307 369 317 031 023 
±055 ±026 ±57 a ±32 ±042 ±04 
1 a ±OlOb ±008b 
227 186 333 305 364 311 029 040 
±048 ±050 ±3? ±50 ±035 ±042' 
±0 . 1 lb ±019' 
226 193 326 291 375 324 032 028 
±025 ±032' ±51' ±46' ±034' ±024' ±0I3' ±002' 
331 261 455 344 563 458 013 012 

















Values within each line and time of injection not having the same superscripts differ significantly (P<0005; Student's 1-test) 
NS, not significant: 'P<OOI, ''P<0001 (analysis of variance). 
tFood consumption and body weight gain were recorded between 22 and 33 days of age. 
Abdominal fat pads and livers were weighed at 33 days of age. 
1971), the effect of corticosterone injections on free 
fatty acid levels is not surprising. Several possible 
mechanisms for the decrease in free fatty acid concen-
tration can be suggested. Corticosterone exerts its 
negative feedback at the hypophysial adrenocortico-
trophic hormone, which is known to be adipokinetic. 
This supposition, however, has been contradicted 
because corticosterone has the same effect in intact and 
hypophysectomized cockerels (Nagra, 1965). Other 
possibilities are that corticosterone inhibits triglyceride 
lipase synthesis or that the catabolic and gluconeogenic 
action of this steroid diminishes the demand for free 
fatty acids as body fuel. The absence of any. increase in 
plasma corticosterone even after daily injections of 
the highest dose (2500 tg/kg body weight) could be 
explained by the higher needs for its biological action 
and a quicker degradation. Corticosterone has a short 
biological half-life and a corresponding high meta-
bolic clearance rate (Assenmacher, 1973). The failure of 
corticosterone increase after daily injections could also 
be related to the inhibited endogenous corticosterone 
secretion as a consequence of the negative feedback 
of the exogenous administered hormone on the 
hypothalamo-hypophysial axis. That some rhythms 
still remain demonstrable may be due to daily 
variations in degradation rate. 
Searles, Gales, Harvey et al. (1976) found higher 
levels of circulating prolactin in chicks.of an obese 
strain compared with the parental strain but in our 
study fat deposition was not associated with increased 
plasma prolactin. Since the highest dose of cortico-
sterone is associated with a significant increase in fat 
content and a decreased level of circulating prolactin 
it can be questioned whether the lipogenic effects of 
corticosterone can be mediated, at least partly, through 
decreased prolactin levels or, alternatively, is the 
depressed prolactin a consequence of increased lipo-
genesis? The decreased somatomedin C concentrations 
after corticosterone treatment in chickens is in 
agreement with the depressed somatomedin activity 
found after glucocorticoid treatment in man (Elders, 
Wingfield, McNatt et al. 1975) and rats (Mosier, 
Jansons, Hill & Dearden, 1976). It can be hypothesized 
that the growth retardation during corticosterone 
treatment is not only due to its catabolic actions but is 
also mediated by reduced somatomedin C concen-
trations in chickens as well as in man (Elders et al. 
1975). Since thyroid hormones and prolactin may 
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TABLE 2. The effect of six daily injections ofcorticosterone on the characteristics of the sinusoidal curves fitted by the least 
squares method to daily changes in the concentrations of plasma corticosterone, prolactin, somatomdin C, thyroxine and 
tri-iodothyronine in groups of six to eight fat and lean lines of broilers sampled at 4-h intervals at 28 days of age. Values are 
means ± S.E.M. 
Functions of fitted sine curve 
Time of Dose of 
injection corticosterone Level Amplitude 
(h) (rig/kg) (ng/ml) (ng/ml) Acrophase hour P 
Corticosterone 
Fat 	09.00 0 1811±2-32 - - NS 
100 23-96±3-57 - NS 
500 22-83±4-64 - - NS 
2500 14-76±1-4 - - NS 
18.00 0 18-60±2-28 - - NS 
100 20-80±2-96 9-56±0-92 19-54±0-42 0-027 
500 17-01 +2-55 - - NS 
2500 14-61+1-45 7-25±0-36 22 - 10±0 - 36 0-0001 
Lean 	09.00 0 17 - 12±2-04 6 - 90±0- 54 8-34±0-30 0.009 
100 22-44±2-75 - - NS 
500 20-01+2-44 - - NS 
2500 13-32+1-38 5-14±0-44° 16-31 ±0 - 331  0-0096 
18.00 0 17-47±189 8-96±047 16-48±0-20 0-0014 
100 22 - 27±2-46 9 - 42±0-84 22 -46±0 - 34 0-0013 
500 20-55±3-03 12-54±0-87 1 18-86±0-27° 0-0039 
2500 14-64+1-54 7 - 39±0-40° 22-65±0-21° <0-0001 
Prolactin - 
Fat 	09.00 0 8-01+0-32 0 -92±009 22-81+0-38 0-03 
100 8 - 11±0-47 - - NS 
500 8-70±0-49 - - NS 
2500 616±029b - - NS 
18.00 0 7 - 84±0-5 - - NS 
100 7 - 98±0 - 66 - - NS 
500 8-91+0-76 2-03±0-32 22 - 78±0 - 59 0-004 
2500 6 - 04±0-26° 0 - 90±0-07 20 - 85±0-30 0-006 
Lean 	09.00 0 9 - 03±0-42 199±0-11 21-70±0-21 0-0001 
100 10-33±0-41° 1 - 73±0 - 12 23-49±0-26° 0-0012 
500 7-81+0-41 1 - 54±0-14 2384±0-32° 0-0042 
.2500 6 - 25±0-36° - - NS 
18.00 0 8 -40±0 - 31 0 - 90±0-08 21 - 90±0 - 35 0-025 
100 695±0.42b 2 - 23±0-09° 1-65±0 , 15c <0-0001 
500 10-84±0-58° 1-41 ±0 - 23° 2397±062b 0-026 
2500 608±0.23b - - NS 
Somatomedin C 
Fat 	09.00 0 1.049±0-038 - - NS 
- 2500 0 - 650±0-043° 0 - l55±0-0l1 04-67±0-28 0-014 
18.00 0 1-095±0-043 - - NS 
2500 0-716±0-033° 0-111±0-006 12 - 02±0 - 23 0-013 
Lean 	09.00 0 1 - 108±0-039 0 - 129±0 - 008 11-84±0-24 0-018 
2500 0 - 486±0-035° 0-121 ±0 - 010 04-01 ±0 - 33 0-015 
18.00 0 1-153±0-30 - - NS 
2500 0 - 698±0-038° 0-142±0-011 13-77±0-29 0-010 
Thyroxine 
Fat 	09.00 0 10-89±0-40 1 - 23±0 - 15 5-23±0-45 0-032 
too 12-34±0-65 3 -03±0- 16° 5 - 96±0-22 0-0001 
500 11 - 41±0-57 2 - 40±0-15° 6-44±0-25° 0-0006 
2500 13-08 ±0-42' 2 - 64±0-10' 3 - 86±0 - 15° <0-0001 
18.00 0 12-71 +0-55 2-81 ±0 - 15 5 - 53±0- 21 <0-0001 
100 12-18±0-64 2-31+0-23 5 - 55±0 - 23 0-012 
500 10-95±0-40° - - NS 
2500 11 - 85±0-27 - - NS 
Lean 	09.00 0 11 - 02±0-34 1 - 52±0 - 12 3 -90±0 - 28 0-002 too 12-46±0-52° 3 - 53±0-10' 3-68±0-12 <0-0001 
500 11- 70±0 - 78 4-16±0-23° 3 - 72±0-21 <0-0001 
2500 13-99±0-64° 4 - 19±0-IS' 3-81 ±0 - 14 <0-0001 
18.00 0 11 - 91±0-49 1-97±0-15 2 - 19±0 - 29 0-005 
100 10-91 ±0 - 55 1-77±0-17 7 - 54±0 - 38° 0-015 
500 11 - 39±0 - 62 - - NS 
2500 12-66±0-43 - - NS 
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Functions of fitted sine cone 
Dose of 
corticosterone Level Amplitude 
(jig/kg) (ng/ml) (ng/ml) Acrophase hour P 
0 294±013 - - NS 
100 	 S 261±012 - - NS 
500 241 ±010 - - NS 
2500 218±01l 034±003 399±036 0036 
0 310±013 - - NS 
100 265±012 - - NS 
500 256±011 - - NS 
2500 2.09±0.091 047±002 1422±015 <00001 
0 313±012 057±003 1433±020 0002 
100 206±0.lOc - - NS 
500 255±0l3 - - NS 
2500 205 ±009c - - NS 
0 334±001 036±003 1580±032 0045 
100 2.25±0.14c - - NS 
500 245±009 029±003 12.30±0.39c 0018 
2500 2.20±0.11 1  049±003 a 13.83±0.20c 0001 
The level is the mean value (Co) of the theoretical curve y Co + C.cos(ot + p); w is the angular frequency(360°/24 h). The amplitude (c) is the maximum 
deviation of the theoretical curve from this level. The acrophsse (p)  is the time of maximal positive deviation from this curve. 
The value P was used to test the null hypothesis that the amplitude is equal to zero. 
P< 005, bp  <001, 'P< 0001 compared with control values of the same line and at the same injection time (Student's 1-test). 
Level and amplitude for somatomedin Care expressed in units/mi. 
stimulate somatomedin C production (Scanes et al. 
1984) while corticosterone (2500 jig) depressed T 3 and 
prolactin in our study, this may explain the impaired 
somatomedin C activity in the corticosterone-treated 
broilers. Our findings that corticosterone, even at inter -
mediate doses, depressed circulating T 3 , are in agree-
ment with other studies (Decuypere, Scanes & Kuhn, 
1983) where it was demonstrated that a single administ-
ration of corticosterone or dexamethasone reduced 
5'-monodeiodinase activity in the liver and circulating 
T3 levels. A significant negative correlation 
between T 3 levels and carcass fat was found in chickens 
(Stewart & Washburn, 1983), while propylthiouracil-
induced hypothyroidism in chickens led to a hepatic 
glycogen and triglyceride storage syndrome (Raheja et 
al. 1980). In addition, autoimmune thyroiditis is 
accompanied by obesity (Cole, Kite & Witebsky, 1968). 
Since these results indicate that low levels of circulating 
T3 are associated with a higher degree of fatness, the 
lipogenic effects of corticosterone can also partly be 
mediated by a decreased T 3 level. 
The possibility that differences in fat deposition in 
the fat and lean lines of broilers are associated with 
differences in the temporal relationship between daily 
rhythms in concentration of plasma prolactin and 
corticosterone (see Introduction) was not supported 
by the present study. Selection for high or low plasma 
VLDL seems to have altered the amplitude of the two 
hormones rather than change the phase relationship  
between them. The finding that when compared with 
the lean line, daily rhythms in concentration of 
plasma corticosterone and prolactin were reduced or 
absent in the fat line, suggests that the generation of 
these rhythms is related to fat deposition. It is possible 
that the extra fat in the fat line birds enables them to 
withstand the effects of overnight food and water 
deprivation on concentrations of plasma corticoster-
one and prolactin. In chickens food deprivation is a 
potent stimulus for corticosterone secretion (Harvey 
& Klandorf, 1983) and water deprivation stimulates 
prolactin release (Nouwen, Decuypere, Kuhn et al. 
1984). However, since no differences in the mean 
levels of these hormones were observed, future research 
should focus more attention on the pattern of food 
and water intake in fat and lean lines. In this context it 
is relevant to note that daily rhythms in plasma T 31  
which are dependent on the pattern of energy intake 
(Decuypere & Kuhn, 1984), were present in control lean 
line birds but not in fat line birds. This observation 
again suggests that the effects of an overnight fast on 
concentrations of hormones involved in metabolic 
processes are less marked in fat than in lean line birds. 
The rhythmicity of T4 is very persistent and the T 4 
acrophase occurred about 10 or 11 h and 8 or 9 h for 
the fat and lean line after the onset of the dark period. 
This is in close agreement with previous data on 
growing chickens of a laying type (Kuhn, Decuypere, 
Colen & Michels, 1982). The generation of a significant 
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somatomedin C rhythm in the corticosterone-treated 
broilers is related to an immediate effect of cortico-
sterone on somatomedin C levels since a drop in 
somatomedin C activity was observed in the first 
blood samples taken following injection. This is also 
reflected in the acrophase differences between birds 
injected in the morning or evening. 
Absolute and relative liver and abdominal fat pad 
weight showed a significant time effect ofcorticosterone 
injection. The existence of daily lipogenic rhythms in 
birds has been shown by studying daily changes in 
3 H acetate incorporation in liver lipids in fat and 
lean migratory white-throated sparrows (Zonofrichia 
albicolli.v). A peak of incorporation was seen in the late 
afternoon (Meier, 1977). It is possible that a similar 
daily rhythm in lipogenesis occurs in the chicken. 
Evening treatment with corticosterone in chickens 
would thus further enhance lipogenesis resulting in a 
higher liver weight and an augmented deposition of 
fat compared with birds treated in the morning. Other 
authors could not detect significant time-dependent 
corticosterone effects on body weight, liver weight or 
relative abdominal fat pad when the hormone was 
injected at two different times of day (Simpkins & 
Smith, 1976; Bartov et al. 1980). However, the failure 
to see a fattening response in these studies could be 
because the birds were maintained under continuous 
illumination. Meier & Martin (197 1) reported that the 
time ofcorticosteronc injection is ofcritical importance 
with respect to the effect on fattening in the white-
throated sparrow and a daily variation in fattening 
response to corticosterone was seen in broilers in this 
study. In this context, the disappearance of T4 
rhythmicity in fat and lean birds injected in the after-
noon, which also show the higher fattening response 
compared with birds treated in the morning, may be 
relevant although the mechanism of action remains 
entirely speculative. 
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Abstract-1. Livers were obtained from two lines of domestic broiler which had been selected for low 
(lean) and high (fat) plasma very-low-density lipoprotein concentration over three generations. 
The fat line possessed significantly higher hepatic specific activities of malate dehydrogenase (NADP), 
ATP citrate lyase and fatty acid synthase, and lower glucose bisphosphatase than the lean line. 
The glycolytic enzymes, pyruvate kinase and phosphofructokinase, were similar and so was the 
concentration of fructose 2,6-bisphosphate. 
This recently discovered metabolic regulator was present at somewhat higher concentrations than 
previously reported in rats or mice. 
It exhibited a positive correlation with phosphofructokinase activity (only data for the fat line are 
shown), and stimulated enzyme activity when added to crude preparations. 
INTRODUCTION 
Excessive fat deposition in farm animals is causing 
increasing concern for two reasons: first, because 
much of the fat is subsequently lost during processing 
and cooking and, second, because of the link between 
excessive dietary intake of fats and the development 
of atherosclerosis-related disease in humans. As a 
result the biochemical and genetic basis of fat depo-
sition in livestock is under intensive investigation. 
Poultry species are relatively lean compared with 
cattle, sheep or pigs, but there is evidence that the 
modern broiler (i.e. domestic fowl reared for meat 
production) is becoming increasingly prone to fatness 
(Chambers em al., 1981) and consequently methods 
for producing leaner broilers are highly desirable. 
The degree of fatness in chickens is highly heri-
table, but is difficult to determine in living individu-
als. Griffin et al. (1982) observed that plasma very-
low-density-lipoprotein (VLDL) concentration and 
the degree of fatness were well correlated in fed 
broiler chicks (r = 0.7), and suggested that plasma 
VLDL could be used as an indirect criterion for 
selecting birds of differing carcass fat content. Sub-
sequently, optimum selection conditions were 
identified (Whitehead and Griffin, 1982) and a simple 
turbidimetric assay for plasma VLDL was developed 
for commercial application (Griffin and Whitehead, 
1982. 
• A breeding programme to develop lean and fat 
lines of broiler chickens by selection on the basis of 
plasma VLDL concentration was initiated, and re 
suits over the first three generations are published 
(Whitehead and Griffin, 1984). They show that birds 
of the lean line (low plasma VLDL) now have 34% 
*Author to whom correspondence should be addressed. 
less total body fat than those of the fat line (high 
plasma VLDL). The lean birds also have superior 
food conversion efficiency and an increased rate of 
lean tissue growth compared with the fat line. 
Availability of lean and fat lines of chickens pro-
vides a valuable opportunity to study the mechanisms 
controlling fat deposition. Although there are im-
portant differences between avian and mammalian 
biochemistry, studies on poultry may contribute to 
the understanding of human obesity since liver is the 
principal lipogenic organ in birds (Goodridge and 
Ball, 1966, 1967; Leveille el al., 1968, 1975) and of 
major significance in humans (Shrago el al., 1971) 
Indeed, studies on fat metabolism in lines of chickens 
with relatively modest differences in fatness may be 
more relevant to humans than comparisons in lean 
and obese strains of rats and mice with their, gross 
differences in body composition. 
The present paper reports increased activities of a 
number of lipogenic enzymes in the fat compared 
with the lean broiler lines. However, there was no 
difference in the concentration of fructose 
2,6-bisphosphate, which is a recently discovered (Van 
Schaftingen el al., 1980a, b) regulator of glycolysis 
and gluconeogenesis. 
MATERIALS AND METHODS 
The birds (10 lean and 10 fat female broilers) were 
removed from the breeding programme of the selection 
experiment [full details given by Whitehead and Griffin 
(1984)1 at 10 weeks old. They were housed together on litter 
in a pen (3.72.m 2, 23 hr light/day, temperature 21°C) for 2 
weeks and given unrestricted access to water and selection 
diet (Whitehead and Griffin, 1984). 
Between 09.00 and 12.00 hr,, they were removed at ran-
dom from the pen, identified by their wing-band number 
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estimation of whole blood lactate and pyruvate, and plasma 
glucose using standard methods (Bergmeyer, 1974). After a 
lethal injection of pentobarbitone sodium (Sagatal, May & 
Baker Ltd, Dagenham, U.K.), the body cavity was opened 
quickly and a sample of liver was removed and frozen 
between aluminium clamps cooled in liquid N 2 . This portion 
of liver was weighed and stored at - 70°C for enzyme assays 
and fructose 2,6-bisphosphate determination (see below). 
The remaining liver was removed, weighed and a sample 
was frozen at - 20'C. The abdominal fat pad was then 
removed and weighed because it is closely correlated with 
total carcass fat content (Whitehead and Griffin, 1984). 
Triacylglycerol content of frozen (- 20°C) liver was deter-
mined after extraction with chloroform-methanol (2: 1, v/v) 
by the method of Kessler and Lederer (1965) as modified by 
Noble and Campbell (1970). 
Enzyme assays were performed, in duplicate, at 25°C 
using a Unicam SP6 spectrophotometer fitted with an 
automatic cell changer programmed to take readings at 
1-min intervals. Reaction rates were calculated by linear 
regression over a period when the rate was reasonably 
constant and, where appropriate, were corrected for activity 
measured in the absence of substrate. 
Enzyme assays. 6-Phosphofructokinase (EC 2.7.1.11) 
(measured at pH 7.5 in presence of 50 m KCI), Pyruvate 
kinase (EC 2.7.1.40) and total shunt dehydrogenases 
(glucose-6-phosphate dehydrogenase, EC 1.1.1.49 and phos-
phogluconate dehydrogenase, EC 1.1.1.43) were assayed by 
the methods given by Bannister (1984). Fatty acid synthase, 
ATP citrate-(pro-3S)-lyase (EC 4.3.3.8), malate dehy-
drogenase (NADP) (EC 1.1.1.40), fructose bisphosphatase 
(EC 3.1.3.11) and glucose-6-phosphatase (EC 3.1.3.9) were 
determined as described by Bannister et al. (1983), except 
that liver was homogenized in 9 vol of ice-cold 0.25 M 
sucrose-20 mM Tris-2 mM MgSO 472.5 mM dithiothreitol-
2.5mM EDTA, adjusted to pH 8.0 with I M HCL at 0-4°C 
for the fructrose bisphosphatase assay. 
Fructose 2,6-bisphosphate assay. Samples of liver were 
homogenized in 9 vol of 50 m Hepes-1 00 m KF-1 5 mM 
EGTA, pH 8.0 at room temp. (Chaekal et al., 1983). The 
homogenate was centrifuged at 25,000g (av) for 20min at 
20°C and the supernatant heated at 80°C for 5 min before 
centrifuging to remove denatured protein. Further dilutions 
of the supernatant were made with 10 mM Hepes, pH 8.0. 
A portion of the homogenate was carried through the same 
procedure using the same extraction medium, but contain-
ing 0.5 M acetic acid in order to destroy fructose 
2,6-bisphosphate. The metabolite was assayed by its ability 
to activate fructose-6-phosphate kinase (pyrophosphate-
dependent) (EC 2.7.1.90) as described by Van Schaftingen 
et al. (1982) and corrected for activation measured in the 
presence of acidified extract. Assays were performed in 
duplicate. 
Protein assay. Protein in the supernatants used for en-
zyme assays were measured according to Lowry et al. (195 1) 
using bovine serum albumin as standard. 
Chemicals. Coupling enzymes and cofactors used in the 
enzyme assays were obtained either from Boehringer (U.K.) 
Ltd or from Sigma (U.K.) Ltd. Fructose-6-phosphate kinase 
(pyrophosphate-dependent) and fructose 2,6-bisphosphate 
were obtained from Sigma. Bovine serum albumin was 
purchased from Armour Pharmaceutical Co., Eastbourne, 
U.K., and all other reagents from BDH (Poole, U.K.) and 
were of analytical grade. 
RESULTS 
Data on body parameters and blood metabolites 
are given in Table 1. There was no difference in either 
body or liver weight between the lean and fat lines of 
broiler. There was, however, a significant increase in 
the weight of the abdominal fat pad in the latter line, 
in keeping with expectation (Whitehead and Griffin, 
1984). Liver triacylglycerol concentration was quite 
variable in both lines (indicated by large SEMs) and, 
although higher in fat birds, the means were not 
significantly different. 
Blood lactate concentration was also higher in the 
fat line, but the difference fell just below statistical 
significance (P <0.1). 
Data on a number of lipogenic enzymes are 
presented in Table 2. Activities of fatty acid synthase, 
ATP citrate lyase and malate dehydrogenase were 
increased in the livers of fat birds (compared with the 
lean line). The relative increases were 20%, 28% and 
27%, respectively. 
Activity of total pentose phosphate shunt dehy-
drogenases was considerably lower than the other 
enzymes examined and was unaffected by selection 
for high or low VLDL concentration. 
Since the pathways of glycolysis and gluconeo-
genesis are related to lipogenesis, a number of rele-
vant enzymes were included in this study (Table 3). 
Fructose bisphosphatase (measured at 250 pM fruc-
tose 1,6-bisphosphate) was reduced by about 20% in 
fat birds, but neither phosphofructokinase (at either 
saturating or sub-saturating concentrations of sub-
strate) nor glucose-6-phosphatase differed from the 
respective activities of lean birds. Pyruvate kinase, 
although lower in the fat line, was not significant 
statistically. 
Fructose 2,6-bisphosphate concentration was simi-
lar in both groups. The range, however, was greater 
in the fat line, which had both the highest and lowest 
values in these experiments. This is probably without 
physiological significance but it enabled us to make 
an indirect test of the activation of chicken liver 
Table I. Body, liver and abdominal fat pad weights, and blood metabolite 
concentrations in lean and fat broilers 
Parameter 	 Lean 	 Fat 
Body wt (g) 2719± 105 2644±81 
Liver wt (g) 75.7+4.6 76.8+5.3 
Fat pad wt (g) 59.9 ± 5.6 86.3 ± 8.7° 
Liver triacylglycerol (mg/g wet wt) 63.9+ 11.4 92.5+ 14.8 
Lactate (pmol/ml whole blood) 5.48 ± 0.25 6.20+0.28 
Pyruvate (pmol/ml whole blood) 0.18 ± 0.01 0.18 ± 6.01 
Glucose (pmol/mI plasma) 14.2+0.5 15.0+0.4 
Lean and fat lines of a commercial broiler fowl were obtained by genetic selection 
over 3 generations as described in the text. Before the birds were weighed and 
killed, blood was taken from a wing vein for determination of metabolite 
concentrations (Bergmeyer, 1974). Triacylglycerol concentrations were mea-
sured as given in the text in samples of liver removed after death. Data are for 
10 female birds of each line (12 weeks old) and are expressed as mean ± SEM. 
°P <0.02 using Student's f-test. 
Lipogenic enzymes in lean and fat broilers 	 1303 
Table 2. Activities of certain lipogenic enzymes in livers from lean and 
fat broilers 
Enzyme 
(nmol/min/mg protein) Lean Fat 
Malate dehydrogenase (NADP) 279 ± 18 354+32, 
ATP citrate (-pro 3S)-lyase 75.3 ± 4.9 96.2 ± 4 . 1' 
Fatty acid synthase 16.6 ± 0.9 19.9 ± 0.8° 
Total shunt dehydrogenase 7.4+0.3 7.1 +0.4 
Lean and fat lines of a commercial broiler fowl were obtained by genetic 
selection over 3 generations as described in the text. Samples of liver 
were freeze-clamped and stored at - 70°C until assayed (25°C) by the 
techniques given in the text. Data are for 10 female birds of each line 
(12 weeks old), and activities are given as mean ± SEM. 
= 0.05, IP <0.01, 'P <0.02 using Student's 1-test. 
phosphofructokinase by fructose 2,6-bisphosphate. 
This took the form of a plot of enzyme activity 
(VIVmax) against fructose 2,6-bisphosphate concen-
tration measured in the same liver. The data (Fig. 1) 
exhibit an apparently linear relationship (r = 0.95) 
over the observed range. 
A direct test of activation was made by including 
1 NM-fructose 2,6-bisphosphate in the assay medium 
(the assay was modified to include a 3-mm pre-
incubation of enzyme and activator). Results from a 
single experiment are given in Fig. 2. 
DISCUSSION 
Lipogenic enzymes 
During three, generations of selection for high or 
low plasma VLDL concentrations, the lines have 
diverged by Ca. 34% in their total body fat content 
(16.1% in lean vs 21.1% in fat females) (Whitehead 
and Griffin, 1984). Our data show that this was 
accompanied by a corresponding change in the 
specific activities of fatty acid synthase, ATP citrate 
lyase and malate dehydrogenase (NADP). Other 
workers have, by using birds selected for increased 
food consumption, food conversion efficiency, and 
growth rate, found similar relationships between 
body fat and activities of the two last mentioned 
enzymes (Hood and Pym, 1982; Whitehead et al., 
1984). Increased plasma VLDL concentrations were 
also found in fatter birds (Whitehead et al., .1984). 
Selection on the basis of mature abdominal fat - pad 
size (Lilburn et al., 1982a, b) was also associated with 
increased in vitro lipogenesis but, unlike the birds 
used in these studies, the lean and fat line body  
weights diverged at about 7 weeks old. Thus, different 
selection criteria appear to bring about similar re-
sponses in the relationship between hepatic enzyme 
activity and tendency towards obesity. This is consis-
tent with the generally held view (Goodridge and 
Ball, 1966, 1967; Leveille et al., 1968, 1975) that liver 
is the principal lipogenic organ in birds, and empha-
sises that regulation within this tissue is a prime 
factor determining the degree of fatness. 
Activity of the pentose phosphate dehydrogenases 
was measured because it is believed that, unlike 
mammals, this pathway is not a significant source of 
reducing equivalents for lipogenesis (Duncan and 
Common, 1967). Our data confirm this view because 
activity was low compared to the other lipogenic 
enzymes studied and, more significantly, did not 
increase under selection pressure. 
Plasma metabolites 
Chicken. hepatocytes utilize lactate efficiently as a 
lipogenic precursor in vitro (Bannister et al., 1983; 
O'Neill and Bannister, 1984) and in this manner they 
resemble rat (Katz and Wals, 1974) and foetal sheep 
(Robertson et al., 1981) adipose tissue, for both of 
which it is believed to be a physiologically significant 
precursor. It is worth noting in this context that 
elevated blood lactate was present in the fat line 
(albeit the difference was below statistical significance 
at 5% level) and was, therefore, a potential source of 
lipogenic material. 
Plasma glucose concentrations were similar in both 
lines. Using different selection criteria, other workers 
have produced lines in which values are also similar 
(Lilburn et al., 1982a, b) whereas others (Touchburn 
Table 3. Activities of certain glycolytic and gluconeogenic enzymes and fructose 
2,6-bisphosphate concentration in livers from lean and fat broilers 
Enzyme 	 Lean 	Fat 
(nmol/min/mg protein)  
Phosphofructokinase (V,,j° 200 ± 8 195 ± 8 
(v/V,,,) 0.78 ± 0.03 0.75 ± 0.05 
Pyruvate kinase 	' 51.3 ± 2.5 44.5+3.0 
Fructose bisphosphatase° 261 ± 12 209 ± 12'  
Glucose-6-phosphatase 	 . 16.7+ 1.0 15.3 ± 1.0 
Fructose 2,6-bisphosphate (nmol/g wet wt) 13.6 ± 0.7 12.5 ± 1.4 
Lean and fat lines of a commercial broiler fowl were obtained by genetic selection over 
3 generations as described in the text. Samples of liver were freeze-clamped and 
stored at - 70'C until assayed (25°C) by the techniques given in the text. Phos-
phofructokinase activity was measured at 0.4mM (v) and 5.0mM fructose-6- 
phosphate (V,,.,). Fructose 2,6-bisphosphate was assayed at 30°C according to Van 
Schaftingen et al. (1982). Data are for 10 female birds of each line (12 weeks old), 
and activities are given as mean ± SEM. 
'Values are for 9 fat broilers only. 
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Fructose 2,6-bisphosphate (nmol/g fresh wt) 
Fig. I. Relationship between phosphofructokinase activity 
and fructose 2,6-bisphosphate concentration in livers from 
fat broilers. Livers from the fat line of broiler were freeze-
clamped and stored at - 70'C. Phosphofructokinase was 
assayed at 0.4mM (v) and 5.0mM fructose-6-phosphate 
by the method given in the text. Fructose 
2,6-bisphosphate was measured according to Van 
Schaftingen et al. (1982). 
et al., 1981; Whitehead et al., 1984) claim reduced 
concentrations in the fat line (after fasting) associated 
with hyperinsulaemia. 
With respect to plasma metabolite concentrations, 
the differences found between our lean and fat broiler 
lines resemble those seen between the genetically 
obese (ob/ob) mouse and its lean siblings (Claus et 
al., 1982; Hue and van de Werve, 1982; Hue et al., 
1983). Examination of the hormonal status of our 
broilers will, therefore, be of interest and should be 
possible when subsequent generations become avail-
able. 
Fructose 2,6-bisphosphate 
Fructose 2,6-bisphosphate is an extremely potent 
regulator of glycolysis and gluconeogenesis. It was 
discovered in 1980 since when it has been the subject 
of intensive research and much is now known about 
its functions in a variety of animal and plant tissues 
[see review by Hers and Van Schaftingen (1982)]. 
Enhanced lipogenesis in genetically obese rats and 
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Fructose-6- phosphate (mM) 
Fig. 2. Activation of chicken liver phosphofructokinase by 
fructose 2,6-bisphosphate. A sample of liver was prepared 
as described in the text and assayed in the absence (0) or 
presence () of 1 pM fructose 2,6-bisphosphate following 
a 3-mm pre-incubation. Data are from a single experiment. 
phofructokinase and pyruvate kinase, the former 
being due to stimulation by increased concentrations 
of fructose 2,6-bisphosphate (Claus et al., 1982; Hue 
and van de Werve, 1982; Hue et al., 1983) and 
consequently we were interested to see whether a 
similar increase occurred in the fat broiler line. The 
data, however (Table 3), show that this was not the 
case. 
There are two possible reasons why no difference 
between the lines was observed. First, the lines are 
much more similar than are lean and obese mice, and 
hence the difference was too small to detect. Second, 
it should be recalled (Table 2) that increased lipogenic 
enzyme activity was detected in the fat line and 
therefore failure to observe increased fructose 
2,6-bisphosphate concentration could indicate that 
there is no concomitant increase in hepatic glycolysis. 
If true, this would represent an interesting difference 
between domestic fowl and mammalian species since 
it implies that the former obtain lipogenic precursors 
from extra-hepatic sources rather than by regulating 
the rate of hepatic glycolysis. In this context, it is 
interesting to note that glucokinase is not believed to 
be present in chicken liver [see review by Weinhouse 
(1976)]. It must be stressed, however, that there is 
currently little experimental evidence to distinguish 
between the two possibilities and this area could 
therefore profit from further investigation. 
Despite there being no difference in fructose 
2,6-bisphosphate concentration between the lines, the 
mean values were somewhat higher than those re-
ported for the rat (for example, the following values 
are for freeze-clamped liver from fed animals: 1.4 
(Hue et al., 1982), 6.5 (Schubert et al., 1983) and 10 
(Neely et al., 1981) nmol/g fresh wt). Unfortunately, 
there is little information currently available with 
which we can directly compare our data. Fister et al. 
(1982) reported the presence of fructose 
2,6-bisphosphate in chicken hepatocytes but did not 
publish any values. More recently Chaekal et al. 
(1983), also using hepatocytes, published a figure of 
8.9 nmol/g. We believe, therefore, that these are the 
first values to be reported for the regulator in freeze-
clamped chicken liver. 
Although there is much evidence for the role of 
fructose 2,6-bisphosphate as a regulator of phos-
phofructokinase in mammalian species, Fister et al. 
(1983) presented evidence that the glucagon-induced 
inactivation of the enzyme in isolated chicken hepa-
tocytes was not dependent on reduced concentration 
of the regulator. This would indicate a major 
difference between the domestic fowl and other spe-
cies. In contrast, Chaekal et al. (1983) found that 
fructose 2,6-bisphosphate behaved in broadly the 
same way in chick hepatocytes as in other species. 
Therefore, we carried out indirect (Fig. 1) and direct 
(Fig. 2) tests of the relationship between fructose 
2,6-bisphosphate concentration and phosphofructo-
kinase activity. The data from both experiments 
support the view of Chaekal et al. (1983) and we 
conclude therefore, that fructose 2,6-bisphosphate 
plays a similar role in avian metabolism to that 
already established in mammals. 
Acknowledgements—We are grateful for the valuable tech-
nical assistance of Mr J. MacKinlay, Mr J. Armstrong and 
Miss C. E. Murnin. 
Lipogenic enzymes in lean and fat broilers 
	 1305 
REFERENCES 
Bannister D. W. (1984) Activation of phosphofructokinase 
and pyruvate kinase by 6 phosphogluconate in chicken 
liver (Gallus domesticus): no evidence for a regulatory 
role. mt. J. Bloc/tern. 16, 895-899. 
Bannister D. W., O'Neill I. E. and Whitehead C. C. (1983) 
The effect of biotin deficiency and dietary protein content 
on lipogenesis, gluconeogenesis and related enzyme activ-
ities in chick liver. Br. J. NuIr. 50, 291-302. 
Bergmeyer H. U. (1974) Methods of Enzymatic Analysis, 
Vol. 3. Verlag Chemie: Academic Press, New York. 
Chaekal 0-K., Boaz J. C., Sugano T. and Harris R. A. 
(1983) Role of fructose 2,6-bisphosphate in the regulation 
of glycolysis and gluconeogenesis in chicken liver. Archs 
Biochem. Biophys. 225, 771-778. 
Chambers J. R., Gavora J. S. and Fortin A. (198 1) Genetic 
changes in meat-type chickens in the last twenty years. 
Can. J. anim. Sci. 61, 555-563. 
Claus T. H. and Pilkis S. J. (1982) Fructose 
2,6-bisphosphate levels are elevated in livers of genetically 
obese mice. Biochem. biophys. Res. Commun. 109, 
664-668. 
Duncan H. J. and Common R. H. (1967) Glucose oxidation 
by liver slices from the domestic fowl: activity of the 
phosphogluconate-oxidative pathway. Can. J. Biochem. 
45, 979-989. 
Fister P., Eigenbrodt E. and Schoner W. (1982) Inactivation 
of phosphofructokinase in chicken hepatocytes by epi-
nephrine. Mo/ec. cell. Endocr. 26, 19-30. 
Fister P., Eigenbrodt E. and Schoner W. (1983) Glucagon 
induced inactivation of phosphofructokinase and its 
counteraction by insulin in isolated hepatocytes from the 
domestic fowl (Gallus domesticus). Comp. Biochem. Phys-
iol. 75B, 341-345. 
Goodridge A. G. and Ball E. G. (1966) Lipogenesis in the 
pigeon: in vitro studies. Am. J. Physiol. 211, 803-808. 
Goodridge A. G. and Ball E. G. (1967) Lipogenesis in the 
pigeon: in vivo' studies. Am. J. Physiol. 213, 245-249. 
Griffin H. D. and Whitehead C. C. (1982) Plasma lipo-
protein concentration as an indicator of fatness in broil-
ers: development and use of a simple assay for plasma 
very low density lipoproteins. Br. Poult. Sd. 23, 307-313. 
Griffin H. D., Whitehead C. C. and Broadbent L. A. (1982) 
The relationship between plasma triglyceride concen-
trations and body fat content in male and female broilers: 
a basis for selection? Br. Poult. Sci. 23, 15-23. 
Hers H-G. and Van Schaftingen E. (1982) Fructose 
2,6-bisphosphate 2 years after its discovery. Biochem. J. 
206, 1-12. 
Hood R. L. and Pym R. A. E. (1982) Correlated responses 
for lipogenesis and adipose tissue cellularity in chickens 
selected for body weight gain, food consumption and 
food conversion efficiency. Poult. Sd. 61, 122-127. 
Hue L., Blackmore P. F., Shikima H., Robinson-Steiner A. 
and Exton J. H. (1982) Regulation of fructose 
2,6-bisphosphate content in rat hepatocytes, perfused 
hearts, and perfused hindlimbs. J. biol. Chem. 257, 
4308-4313. 
Hue L. and van de Werve G. (1982) Increased concentration 
of fructose 2,6-bisphosphate in livers of genetically obese 
mice. FEBS Let!. 145, 263-266. 
Hue L., van de Werve G. and Jeanrenaud B. (1983) Fructose 
2,6-bisphosphate in livers of genetically obese rats. Bio-
chem. J. 214, 1019-1022. 
Katz J. and Wals P. A. (1974) Lipogenesis from lactate in 
rat adipose tissue. Biochim. biophys. Acta 348, 344-356. 
Kessler G. and Lederer H. (1965) Fluorimetric measurement 
of triglycerides. In Automation in Analytical Chemistry 
(Edited by Skeggs L. T.) pp.  341-344. Mediad, New 
York. 
Leveille G. A., O'Hea E. K. and Chakrabarty K. (1968) In  
vivo lipogenesis in the domestic chicken. Proc. soc. exp. 
Biol. Med. 128, 398-401. 
Leveillé G. A., Romsos D. R., Yeh Y.-Y. and O'Hea E. K. 
(1975) Lipid biosynthesis in the chick. A consideration of 
site of synthesis, influence of diet and possible regulatory 
mechanisms. Poult. Sci. 54, 1075-1093. 
Lilbum M. S., Leach R. M., Buss E. G. and Martin R. J. 
(1982a) The developmental characteristics of two strains 
of chickens selected for differences in mature abdominal 
fat pad size. Growth 46, 171-181. 
Lilburn M. S., Morrow F. D., Leach R. M., Buss E. G. 
and Martin R. J. (1982b) A comparison of the in 
vitro lipogenic rates and other physiologic parameters in 
two strains of lean and obese chickens. Growth 46, 
163-170. 
Lowry 0. H., Rosebrough N. J, Farr A. L. and Randall R. 
J. (1951) Protein measurement with the Folin phenol 
reagent. J. biol. Chem. 193, 265-275. - 
Neely P., El-Maghrabi M. R., Pilkis S. J. and Claus T. H. 
(1981) Effects of diabetes, insulin, starvation, and re-
feeding on the level of rat hepatic fructose 
2,6-bisphosphate. Diabetes 30, 1062-1064. 
Noble A. P. and Campbell F. M. (1970) Improved accuracy 
in automated fluonmetric determination of plasma tri-
glycerides. Clin. Chem. 16, 166-170. 
O'Neill I. E. and Bannister D. W. (1984) The effect of 
oxalate and glucose on lipogenesis by isolated hepatocytes 
from normal and biotin-deficient chicks (Gal/us domes-
ticus). In!. J. Biochem. 16, 517-521. 
Robertson J. P., Faulkner A. and Vernon R. G. (1981) 
L-Lactate as a source of carbon for fatty acid synthesis in 
adult synthesis in adult and foetal sheep. Biochim. Bio-
phys. Acta 665, 511-5,18. 
Schubert C., Goltzsch W. and Hofmann E. (1983) Perinatal 
changes of fructose 2,6-bisphosphate in the rat liver. 
Biochem. biophys. Res. Commun. 113, 672-677. 
Shrago E., Glennon J. A. and Gordon E. S. (1971.) Com-
parative aspects of lipogenesis in mammalian tissues. 
Metabolism 20, 54-62. 
Touchburn S., Simon J. and Leclercq B. (1981) Evidence of 
a glucose—insulin imbalance and effect of dietary protein 
and energy level in chickens selected for high abdominal 
fat content. J. Nutr. 111, 325-335. 
Van Schaftingen E., Hue L. and Hers H-G. (1980a) Control 
of the fructose 6-bisphosphate/fructdse 1 ,6-bisphosphate 
cycle in isolated hepátocytes by glucose and glucagon: 
role of a low-molecular-weight stimulator of phos-
phofructokinase. Biochem. J. 192, 887-895. 
Van Schaftingen E., Hue L. and Hers H-G. (1980b) Fruc-
tose 2,6-bisphosphate, the probable structure, of the 
glucose- and glucagon-sensitive stimulator of phos-
phofructokinase. Biochem. J. 192, 897-901. 
Van Schaftingen E., Lederer B., Bartrons R. and Hers H-G. 
(1982) A kinetic study of pyrophosphate: fructose-6-
phosphate phosphotransferase from potato tubers: appli-
cation to a microassay of fructose 2,6-bisphosphate. Eur. 
J. Biochem. 129, 191-195. 
Weinhouse S. (1976) Regulation of glucokinase in liver. 
Curr. Top. Cell. Regul. 11, 1-50. 
Whitehead C. C. and Griffin H. D. (1982) Plasma lipo-
protein concentration as an indicator of fatness in broil-
ers: effect of age and diet. Br. Poult. Sd. 23, 299-305. 
Whitehead C. C. and Griffin H. D. (1984) The development 
of divergent lines of lean and fat broilers using plasma 
very low density lipoprotein concentration as selection 
criterion: Results over the first three generations. Br. 
Poult. Sci. 25, 572-582. 
Whitehead C. C., Hood R. L., Heard G. S. and Pym R. A. 
E. (1984) Comparison of plasma very low density lipo-
proteins and lipogenic enzymes as predictors of fat con-
tent and food conversion efficiency in selected lines of 
broiler chickens. Br. Poult. Sci. 25, 277-286. 
British Poultry Science (1991) 32: 195-201 
CHANGES IN LIPOPROTEINMETABOLISM AND BODY 
COMPOSITION IN CHICKENS IN RESPONSE TO DIVERGENT 
SELECTION FOR PLASMA VERY LOW DENSITY LIPOPROTEIN 
CONCENTRATION 
H. D. GRIFFIN, D. WINDSOR AND C. C. WHITEHEAD 
Agricultural and Food Research Council's Institute of Animal Physiology and 
Genetics Research, Edinburgh Research Station, Roslin EH25 9PS, Scotland, UK 
Received for publication 3rd April 1990 
Abstract 1. Plasma lipoprotein metabolism and body composition in 
lines of chicken selected for high- and low-plasma very low density 
lipoprotein (VLDL) concentration were compared to the commercial 
broiler (meat-type) line from which they were derived. 
Selection for low-plasma VLDL concentration for 10 generations 
has reduced the rate of VLDL secretion by at least 50% in males 
whereas selection for high-VLDL concentration has increased the rate 
of VLDL secretion over 2-fold. 
Body fat content was highly correlated with rate of secretion of 
plasma triglyceride-rich (TGR) lipoproteins (r088 over the three 
lines). However, extrapolation of the data suggests that birds secreting 
no TGR-lipoproteins into the plasma would still have substantial 
amounts of body fat. 
Selection for high VLDL has increased the proportion of circulat-
ing VLDL-triglyceride taken up by the abdominal fat pad by over 
2-fold but there was no difference between high- and low-VLDL lines 
in the proportion of VLDL-triglyceride taken up by tissues and 
oxidised to [1 4C] -carbon dioxide. 
The results confirm the importance of plasma lipoprotein metabo-
lism in determining body composition in the chicken but suggest there 
are limits to further reduction in body fat content by manipulation of 
plasma lipoprotein metabolism. 
INTRODUCTION 
Lipid transport in the plasma of immature birds is very similar to that in 
man, except that absorbed dietary fat is secreted directly into the portal vein 
rather than via the lymphatic system (see review by Griffin and Hermier, 1988). 
The liver is a major site of lipogenesis in birds (Goodridge and Ball, 1967; 
Brady et al., 1976; Saadoun and Leclercq, 1983) and most of the fat that 
accumulates in avian adipose tissue is generally assumed to be derived from 
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triglyceride-rich lipoproteins originating from the liver (VLDL) or the intestine 
(portomicrons). 
Excessive fatness is a problem in meat-type (broiler) strains of chicken, as it 
is in other species of livestock. Broiler chickens at market age in the UK 
typically contain 130-200 g of ether-extractable lipid/kg body weight and 
higher amounts are often reported from the USA. In previous studies we have 
shown that plasma VLDL concentrations in fully-fed broilers are sufficiently 
well correlated with body fat content (r0-6-07) to act as an indirect measure 
of fatness in live birds (Whitehead and Griffin, 1982; Griffin and Whitehead, 
1982). Divergent selection of a commercial male broiler grandparent line has 
shown that plasma VLDL concentration is quite highly heritable in chickens 
and has been accompanied by major changes in body composition. After 10 
generations of divergent selection, plasma VLDL concentration was about 10-
fold different between lines. More importantly from a commercial viewpoint, 
the leaner, low-VLDL line has a much improved efficiency of protein conver-
sion (+27%) than the fatter, high-VLDL line (Whitehead and Griffin, 1984; 
Whitehead, 1988). 
Comparisons of the low- and high-VLDL lines after 8 generations of 
selection have shown that their large difference in plasma VLDL concentration 
is primarily a consequence of a 3-fold greater rate of VLDL secretion in the fat 
line (Griffin et al., 1989). This difference in rate of VLDL secretion between 
lines appears to be caused by differences in both rates of hepatic lipogenesis 
and in the proportions of fatty acids directed towards lipoprotein synthesis and 
oxidation. We have suggested (Griffin et al., 1989) that the lower rate of fatty 
acid synthesis and increased fatty acid oxidation in the low-VLDL line has a 
sparing effect on hepatic amino acid oxidation and that this is then responsible 
for the improvement in protein conversion efficiency. 
The present study compares lipoprotein metabolism and body composition 
in the high- and low-VLDL lines with those in the M4 commercial line from 
which they originated. The aim was to determine if selection responses had 
been similar in both directions and to estimate the potential for further 
reducing body fat content via manipulation of plasma lipoprotein metabolism. 
MATERIALS AND METHODS 
Experiments were conducted on male chicks from the current M4 male 
grandparent line (D. B. Marshall, Newbridge, Scotland) and from the high- and 
low-VLDL lines after 10 generations of selection. Chicks were reared from 1-
day-old in brooder cages on conventional broiler starter diets. The birds were 
transferred at 3 weeks of age to individual cages and a 23 h L: 1 h D 
photoperiod with lights off at midnight. Under this lighting regime, birds feed 
throughout the day (Savory, 1980). From 3 weeks of age, birds were fed ad 
libitum on the same low fat diet used during selection (Whitehead and Griffin, 
1982). Experiments were performed when birds were 6-7 weeks old (i.e. at the 
same age that selection had been made). 
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Plasma lipoprotein metabolism 
Rates of lipoprotein secretion into the plasma were measured by determin-
ing the rate of accumulation of plasma triglyceride after intravenous injection 
of sufficient anti-lipoprotein lipase antiserum to block lipoprotein clearance 
from the circulation. Blood samples were taken immediately before injection of 
antiserum and 10, 20 and 30 min thereafter. VLDL clearance and uptake into 
tissues was studied using biologically labelled VLDL, prepared with [ 14C]-
palmitate. Birds were injected with approximately 01 uCi of [' 4C]-labelled 
VLDL in 1 ml of saline (9 g sodium chloride/l) via the wing vein and blood 
sampled from the contralateral wing vein 1, 2, 3, 6, 10 and 16 min later for 
determination of plasma radioactivity and half life of VLDL clearance (tI). 
Details of the methods used have been described previously (Griffin et al., 
1989). 
Oxidation of lipoprotein triglyceride was estimated by transferring indivi-
dual birds to metabolism chambers immediately after injection of 01 uCi of 
[ 14C] -labelled VLDL into the wing vein. Air was drawn through the chambers at 
a rate of 5 I/min and expired carbon dioxide trapped by passing through a 
Drescher bottle containing 150 ml of ethanolamine:2-methoxymethanol (1:2, 
v/v). Fresh trapping solution was used every 15 h. Duplicate 08 ml samples 
were removed at 45 min intervals and mixed with 4 ml of Optiphase X (Fisons, 
Loughborough, UK) for determination of radioactivity by scintillation count-
ing. The efficiency of the trapping of carbon dioxide was assessed by measuring 
the recovery of radioactivity after intravenous injection of 1 ,uCi [' 4C] -sodium 
bicarbonate into normal commercial broilers. 
Other methods 
Total body lipid was measured by Soxhlet extraction of freeze-dried 
samples of minced carcass with petroleum spirit (b.p.40-60 °C) as described by 
Griffin et al. (1982). Plasma VLDL (+ portomicron) concentration was mea-
sured using a turbidimetric method calibrated against plasma triglyceride 
concentration (Griffin and Whitehead, 1982). 
TABLE 1 
Rate of lipoprotein secretion at 44 days of age 
Low-VLDL M4 High-VLDL 
Body weight (BW, g) 1726±184** 2133±1521 719±154** 
Body fat (g/kg BW) 124±10** 163±10 229±13** 
Abdominal fat pad weight (g/kg BW) 132±26 163±53 31.5±6.4*5 
Plasma VLDL concentration 
(umoles TG/ml) 0.l8±0.09** 084±017 4-19±1-52** 
Rate of triglyceride secretion 
(pmoles TG/ml of plasma/h) 20 ± 06* 38 ± 13 91 ±1.9** 
Results are the means ± SD of data from 8 birds/line. Values for the high- and low-\JLDL lines 
that are siginficantly different (1-test) from those of the M4 lines are indicated by: *P<005; 
**p<0.01. 
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TABLE 2 
Fate of['4GJ-labelled VLDL 
Low-VLDL 	M4 	High-VLDL 
Rate of clearance from plasma (tI,  mm) 	 3.0±0.3* 44±08 	10.6±3.8* 
Percentage oxidised to carbon dioxide after 8 h 	150±54 	ND 170±77 
Percentage taken up—by the liver 	 264 ± 75 201 ± 78 184 ± 65 
—by abdominal fat pad 	 62± I9 	57±25 	2.9±2.6** 
Results are the means ± SD of data from 4 or 6 birds/line. Values for the high- and low-VLDL 
lines that are significantly different (t test) from those for the M4 line are indicated by: *p<0.05; 
**P<0.0I. Uptake of radioactivity by tissues was assessed I h after intravenous injection of 
labelled VLDL. By this time greater than 95% of the label had been cleared from the circulation in 
each line. ND, not determined. 
RESULTS AND DISCUSSION 
The high- and low-VLDL lines were compared in the present study with 
the current M4 broiler line. The M4 line is not an ideal control because it has 
been subject to normal commercial selection pressure during the development 
of the two experimental lines. This has involved selection for weight for age, 
but not for leanness or food conversion efficiency. Although the M4 line now 
grows significantly faster than the two experimental lines, its body composition 
has not changed during the 10 generations of the selection experiment 
(Whitehead, 1988 and Table 1). This observation is in agreement with results 
from other selection experiments on broilers that indicate that selection for 
increased growth rate has little or no effect on body composition at the age of 
selection (see review by McCarthy and Siegel, 1983). 
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FIG. 1.—Relationship between rates of secretion of plasma lipoprotein and (a) body lipid 
content, (b) abdominal fat pad weight. Each points represents data from an individual bird from 
the low-VLDL (®), high-VLDL () or M4 (0) lines. The correlation (r) between total body lipid 
and abdominal fat pad weight in these birds was 091. 
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Studies after 8 generations (Griffin et al., 1989) showed that the large 
difference in plasma VLDL concentration between the selected lines is prim-
arily a consequence of different rates of lipoprotein secretion and this is 
substantiated in the present study (Table 1). Selection has been effective in 
both upward and downward directions. The rate of triglyceride secretion in the 
high-VLDL line is now over 2-fold greater than that in the M4 line, whereas 
that in the low-VLDL line is about 50% of that in the M4 line. Some of the 
triglyceride in the circulation is of intestinal origin and the reduction in rate of 
hepatic secretion of VLDL caused by selection for low-VLDL may therefore be 
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FIG. 2.—Time course of appearance of radioactivity in expired air after intravenous administra-
tion of [' 4C]-labelled VLDL to low (A)- and high (•)-VLDL lines or of [' 4C] NaHCO3 to normal 
commercial broilers (0). Values are the means ± SD of results from 3 birds/line. 
Previous comparisons have shown that a much greater proportion of 
circulating VLDL was taken up by the abdominal fat pad in the high-VLDL line 
than in the low-VLDL line (Griffin et al., 1989). However comparison with the 
M4 line (Table 2) showed that this response appears to be entirely a conse-
quence of selection for high-VLDL. Lipoprotein lipase in skeletal muscle of 
birds from the lowVLDL line is significantly greater than that in the high-
VLDL line and we have suggested that this might direct lipoprotein triglyceride 
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towards oxidation and away from fat deposition (Griffin et al., 1989). Fatty 
acids taken up into muscle are rapidly oxidised and the extent of oxidation of 
intravenously injected [14C]-VLDL  to carbon dioxide can be assumed to reflect 
the use of VLDL-triglyceride by muscle. However, the similarity of the propor-
tions of radioactivity recovered after injection of ['4C]-VLDL  in the lean and 
fat lines (Table 2; Fig. 2) suggests that the selection has altered the distribution 
of VLDL-triglyceride between fat depots rather than between adipose tissue 
and muscle. The proportions of radioactivity shown in Table 2 do disguise 
greater differences in amount of VLDL-triglyce ride taken up into tissues, 
because overall rates of VLDL clearance are very different between lines. 
Linear extrapolation of the data in Fig. 1 suggests that birds secreting no 
triglyceride into the circulation would still contain about 100 g  ether-extract-
able lipid and about 8 g of abdominal fat/kg body weight. The most obvious 
source of this fat is lipogenesis within adipose tissue itself. Most authors have 
concluded that adipose tissue lipogenesis plays a relatively minor role in fat 
accumulation in birds but the present evidence suggests this may not be the 
case in leaner birds (at least those produced by selection for low plasma VLDL 
concentration). 
The actual response to a further reduction in VLDL synthesis and secre-
tion will probably therefore depend very much on the effect on adipose tissue 
metabolism. If the hormonal status that encourages low rates of lipogenesis 
and lipoprotein synthesis in the liver reduces lipogenesis in adipose tissue 
and/or stimulates turnover of stored triglyceride, then concentrations of fat 
considerably lower than 100 g/kg body weight may be possible. Lipogenesis in 
avian liver is strongly suppressed by exogenous (dietary) fatty acids (Saadoun 
and Leclercq, 1987) and a possible response to further reduction in supply of 
VLDL triglyceride to adipose tissue may be a compensatory increase in adipose 
tissue lipogenesis. Studies aimed at quantifying the significance of adipose 
tissue lipogenesis in leaner birds are in progress. 
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Summary - In order to identify the mechanisms which underlie fattening in commercial birds, lean 
and fat broiler chickens have been selected according to 3 different briteria: abdominal fat content, 
plasma glucose level and plasma concentration of very-low-density lipoproteins (VLDL), the latter 
being the main substrate from which bird adipose tissues accumulate triglycerides. Chickens select-
ed for high abdominal fat content displayed a higher level of VLDL and a lower level of glucose than 
their lean counterparts. Conversely, selection for high plasma VLDL or low plasma glucose resulted 
in 2 fat lines of chickens. The differences in intermediate- and low-density lipoproteins reflected a dif -
ferent balance in synthesis and catabolism of VLDL among the lines, whereas there was no differ-
ence in high-density lipoproteins. These data clearly demonstrate the relationship between lipid and 
carbohydrate metabolism and their role in the susceptibility to fattening. They suggest a greater use 
of carbohydrate for hepatic lipogenesis in fat chickens, resulting in a higher synthesis and secretion 
of VLDL and of their subsequent accumulation of triglycerides in the adipose tissue. 
lipoprotein / glycaemla / fattening / chicken 
Résumé - Relations entre les llpoprotéines at le glucose plasmatiques chez des poulets a 
jeun sétectionnés par trois critères sur lour maigreur eu leur adlposlté. Afin d'identitier los me-
can smes do l'ongraissement chez les oiseaux d'élevage, la selection de poulets de chair maigres 
c/u gras a ete réalisée solon trois critères différents : quantite do tissu adipeux abdominal, glycemie 
ou taux plasmatique do VLDL (very low density lipoproteins : lipoprotalnes do très basso densifé), 
ces VLDL represenfant Fe principal substrat a partir duquel Fe tissu adipeux des oiseaux accumule 
les triglycerides. Les poulets sé/ectionnés pour Four pourcentage élevé do tissu adipeux abdominal 
ont dos VLDL plus abondantes of une glycemie plus faible quo Fours congeneres maigres. Inverse-
mont, la selection pour un faux élevé do VLDL ou une faiblo glycOmie a permis d'obfenir deux Ii-
gnees do poulets gras. Los differences portanf sur les lipoprotéines do donsité faible ou intermé-
diaire roflètent l'état d'équilibre ontre la synthèse et Fe catabolismo des VLDL dans los divorses 
lignées, tandis qu'aucune difference n'apparaIt en ce qui concomo los Iipoprotéinos do haute densi- 





D Hermier eta! 
M. Ces donnOes montrent bien !es relations entre le métabo/isme des lip/des et ce/ui des glucides, 
ainsi que leur role dans !a sensibilité a /'engraissement. El/es suggerent que /'utilisation des glucides a 
des fins de lipogenOse hepatique est plus importante chez les poulets gras, entraInant !'augmentation 
de la synthese et de !a sOcrOtion des VLDL, puis !'accumulation des trig!ycerides par le tissu adipeux. 
Ilpoprotelnes / glycemle / engralssement Ipoulet 
[li1t.T'1'I't[.1i 
The interest of consumers in lean meat 
has resulted in a number of studies on the 
factors which determine fattening in broiler 
chickens. Several selection studies have 
demonstrated a genetic component in 
broiler fatness. The first study involved di-
vergent selection on the basis of abdomi-
nal fatness of siblings and resulted in lean 
(LL) and fat (FL) lines of broiler chickens 
(Leclercq et a!, 1980). It was observed that 
the FL birds had lower fasting plasma glu-
cose and higher VLDL concentrations than 
the LL chickens (Touchburn et all 1981; 
Hermier of a!, 1984) and these metabolic 
criteria also have been used as a basis for 
selection. Whitehead and Griffin (1984) 
described a procedure based on selection 
for low or high plasma very low density 
lipoprotein (VLDL) concentration in fed 
birds that resulted in lean (L-VLDL) and fat 
(H-VLDL) lines of broilers. Selection on the 
basis of plasma glucose resulted in a low 
plasma glucose (L-G) line that was fatter 
than the high glucose (H-G) line (Leclercq 
eta!, 1987). 
The metabolic basis for fatness in these 
lines selected according to 3 separate cri-
teria is of interest. The ability to synthesize 
fatty acids is quite limited in avian adipose 
tissue (Leveille et a!, 1975); moreover, 
commercial chickens are often fed diets 
which contain relatively low levels of lipids. 
Consequently, hepatic VLDL are the major 
plasma substrate from which adipocytes 
accumulate triglyceride. Positive relation- 
ships between plasma VLDL and body fat-
ness in the various selected lines suggests 
that fattening largely depends on the avail-
ability of the lipid substrate for adipocyte 
uptake. Indeed, elevated plasma VLDL 
concentrations in fat chickens do not result 
from impaired catabolism of these particles 
(Hermier et a!, 1989) but rather from an in-
crease in their synthesis and secretion by 
the liver (Legrand et a!, 1987; Saadoun 
and Leclercq, 1987; Griffin et a!, 1991). It 
has also been postulated, on the basis of 
observations on LL and FL birds, that glu-
cose-insulin imbalance may influence lipid 
synthesis and accumulation (Touchburn et 
a!, 1981; Simon and Leclercq, 1982). 
The object of the present study was to 
compare some characteristics of the lines 
selected by the 3 methods to help in deter-
mining to what extent similar mechanisms 
might be responsible for the differences in 
body fatness in the 3 pairs of lines. Meas-
urements were made of glucose levels and 
lipoprotein profiles in the plasma of fasted 
birds. 
MATERIALS AND METHODS 
Animals 
Male chickens differing in abdominal fat content 
(LL and FL, F7 generation) or plasma glucose 
concentration (H-G and L-G, F 4 generation), 
were provided by the Poultry Research Station 
(INRA, Nouzilly, France), whereas birds select-
ed on plasma VLDL levels (H-VLDL and L- 
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VLDL, F5 generation) were bred at the Edin-
burgh Research Station (AFRC, Roslin, Scot-
land). They were fed growing diets containing 
19-21% protein, 4.4% (French diet) or 6.5% 
(Scottish diet) lipid and 12.6-13.8 MJ meta-
bolisable energy/kg. 
At 7 wk of age, after an overnight fast, the 
animals were weighed, blood samples were col-
lected using EDTA as anticoagulant and plasma 
was separated by centrifugation at 500 g and 
4°C for 15 mm. H-VLDL and L-VLDL chickens 
were killed immediately after blood sampling in 
order to measure abdominal fat content. LL, FL, 
H-G and L-G chickens were reared to 9 wk for 
commercial slaughtering; for this reason, direct 
measurement of abdominal adipose tissue was 
not possible, but it was assumed to be similar to 
that of the respective general populations of the 
same line, generation and age (Rideau et a!, 
1986; Leclercq eta!, 1987). 
Lipoprotein isolation 
Lipoproteins were isolated from plasma on the 
basis of their hydrated density in a single step 
according to the ultracentrifugal gradient proce-
dure described by Chapman et a! (1981) and 
modified by Hermier et a! (1985). Ultracentrifu-
gation was performed in a Beckman L8-55 ultra-
centrifuge using a Beckman SW41 rotor at 
40,000 rpm (56 x 107  g.min) for 48 h at 15 °C. 
The fractionation procedure took into account 
the alternance of pigmented and non-pigmented 
bands corresponding to the successive lipopro-
tein classes, as described previously in man 
(Chapman eta!, 1981) and chicken (Hermier et 
a!, 1985). Four lipoprotein classes were thus 
separated from the top to the bottom of the gra-
dient, with the following respective densities: 
VLDL (d < 1.013 g/ml), intermediate density li-
poproteins (IDL; dl.013-1.020 g/ml), low densi-
ty lipoproteins (LDL, d 1.020-1.040 g/ml), and 
high density lipoproteins (H DL, d 1.065-1.165 gI 
ml). 
Lipoproteins were dialysed in Spectrapor tub-
ing (Spectrum Medical Industries, Los Angeles, 
CA; mol wt cut-off 12 000) for 48 h at 4 °C 
against a solution containing 0.05 M r  NaCl, 
0.005 M NH4HCO3, 0.04% EDTA and 0.01% so-
dium azide at pH 7.4. 
Chemical analyses 
The following components were quantified in 
each lipoprotein fraction and in whole plasma as 
follows : proteins by the method of Lowry et a! 
(1951) using bovine serum albumin (Sigma, 
Saint-Louis, MO, USA) as a standard; triglyce-
ride, free cholesterol, total cholesterol and phos-
pholipids by enzymatic methods (Richmond, 
1973; Takayama et a!, 1977; Fossati and Pren-
cipe, 1982), using the kits provided by Bio-. 
Mérieux (Charbonnière-les-Bains, France). The 
amount of cholesteryl esters was calculated us-
ing the formula: 
cholesteryl ester = 
(total cholesterol—free cholesterol) x 1.67 
In this calculation, it was assumed that the 
factor for the ratio of the average molecular 
weight of chicken plasma cholesteryl esters to 
that of the molecular weight of free cholesterol 
(le 1.67), was the same in man and the chicken. 
Glucose concentration was measured by the 
glucose oxidase method using a Beckman glu-
cometer (Kadish eta!, 1968). 
Statistical analyses 
Results were expressed as mean ± SD. Signifi- 
cance of difference was tested using Student's t- 
test. 
RESULTS 
At 7 wk of age, chickens from the LL and 
FL lines were considerably lighter than the 
other groups (table I). However, for each 
selection criterion, the difference between 
the 2 lines was never significant. Con-
versely, in all cases, the proportion of ab-
dominal fat content did respond to the se-
lection. This was the case in LL and FL 
chickens, in which the amount of abdomi-
nal adipose tissue was used as the param-
eter for direct selection, but is was also 
N) 
I') 




LL 	 FL 	 L-VLDL 	H-VLDL H-G 	 L-G 
Selection criterion 
FIj 
Body weight (g) 
Abdominal fat 






Abdominal fat content 
6 	 6 
1124±183 	1143±114 
1.50 ± 0.60 ** 3.80 ± o.goa 
0.39± 0.07 	0.37 ± 0.08 
1.84±0.32 1.84±0.45 
0.33 ± 0.05 	0.35 ± 0.009 
2.15±0.57 2.33±0.48 
2.12±0.15** 1.91 ±0.04  
Plasma VLDL 
7 	 6  
2 350 ±106 2360±106 
1.36 ± 0.24 ** 2.30 ± 0.67 
0.23 ± 0.03 0.15 ± 0.03 
1.64±0.21 1.45±0.27 
0.21 ± 0.05 0.26 ± 0.01 
1.53 ±0.26 1.61 ± 0.17 
1 .90±0.17* 1.67±0.14 
Plasma glucose 
7 	 7 
2023±157 2019±149 
2.39 ± 0.64 ** 2.80 ± 0.60 
0.16 ± 0.03 0.20 ± 0.04 
1.59±0.25 1.63±0.18 
0.20 ± 0.04 * 0.27 ± 0.05 
1.38±0.18 1.53±0.11 






a Abdominal fat content and plasma glucose concentration not determined at 7 wk in the present experimental groups. Reported data are means obtained for the gene-
ral populations from which the experimental groups were issued (see Materials and Methods). , P < 0.05,", P < 0.01. Values are means ± SD of n chickens. 
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confirmed in the other lines: chickens ex-
hibiting high plasma VLDL (H-VLDL) or low 
plasma glucose (L-G) were always fatter 
than their respective counterparts. Howev-
er, direct selection on abdominal fat con-
tent was the most effective, whereas the 
difference between H-G and L-G chickens 
was smallest, but still significant. 
Lines selected on either glycemia or 
plasma VLDL displayed similar concentra-
tions of all plasma lipids. However, free 
cholesterol level was significantly higher in 
L-VLDL chickens than in the fat birds, 
whereas the concentration of triglycerides 
was lower in H-G chickens than in their L-
G counterparts. LL and FL chickens dif-
fered from the other lines in that their plas-
ma lipid levels were systematically higher. 
The appearances of density gradients 
after ultracentrifugation were very similar in 
all the birds studied. Since the animals 
were fasted, VLDL concentrations were 
very low (table II). Within each population, 
chickens with the higher abdominal fat 
content, ie FL, H-VLDL, and L-G chickens, 
exhibited the higher levels of VLDL, al-
though the difference was not significant 
between H-G and L-G lines. In all cases, 
VLDL composition was typical of immature 
chickens, with a rather elevated proportion 
of protein (20-27%). Triglyceride content 
varied considerably (30-50% of the parti-
cle weight), but remained within the physio-
logical values normally found in immature 
chickens. It is noteworthy that VLDL in the 
H-G and L-G chickens were richer in trigly-
cerides than those in the other lines. Phos-
pholipids and cholesteryl esters were 
found in comparable amounts, while free 
cholesterol was a minor component. 
Quantitative and qualitative variation of 
IDL parallelled that of VLDL (table Ill). In-
deed plasma concentration of IDL was 
higher in fat chickens (though the differ-
ence between FL and LL was not signifi-
cant), whereas particles isolated from H-G  
and L-G chickens contained more triglyce-
ride and less cholesteryl esters than those 
of the other lines. Surprisingly, plasma LDL 
levels were significantly lower in fat birds 
of both the FL and the H-VLDL lines, 
whereas it was higher in fat birds of the L-
G line (table IV). On the other hand, the 
chemical composition of the LDL particles 
was quite similar in the 6 lines. HDL (table 
V) represented, as normal in avian spe-
cies, the major lipoprotein class (3.4-4.6 g/ 
I). Protein was their major component 
(nearly 50% in weight), whereas triglyce-
ride content was low. Nevertheless, plas-
ma HDL concentrations were always high-
er in fat lines of chickens although neither 
these differences in concentration, nor 
those in chemical composition, attained 
statistical significance. 
DISCUSSION 
This study of chickens selected by 3 very 
different criteria demonstrated some con-
sistent metabolic difference between lean 
and fat birds. More precisely, fattening is 
associated with high plasma VLDL level 
and low glucose level. Whilst it is likely that 
several mechanisms can influence body 
fatness, and the balance between these 
mechanisms may differ in the lines select-
ed by different methods, the results never-
theless suggest that common relationships 
between lipid and carbohydrate metabo-
lism exist in these lines. 
There is a strong relationship between 
fattening and VLDL levels. Elevated plas-
ma VLDL provide a greater amount of tri-
glyceride substrate for adipocyte develop-
ment in the 3 pairs of selected lines. Of 
course, plasma VLDL concentration is not 
uniformly related to fatness over all lines 
because there are also genetic differences 
in VLDL catabolism. Thus, the lipoprotein 
lipase activity in the abdominal adipose tis- 
Line 
L-VLDL 	H-VLDL H-G 	L-G 
Plasma VLDL 
7 	 6 
2.84 ± 1.63" 7.65 ± 2.44 
Plasma glucose 











19.8±6.1 20.1 ±3.9 




LL 	 FL 
Selection criterion 	 Abdominal fat content 
n 	 6 	 6 
Concentration 5.43 ± 2.40 12.95±5.02 
Percentage of: 
Free cholesterol 9.7 ±4.2 8.0 ± 2.3 
Cholesteryl esters 13.1 ± 2.7 15.6 ± 2.7 
Triglycerides 35.9 ± 6.2 35.0 ± 6.7 
Phospholipids 19.1 ± 3.4 18.8 ± 2.2 
Protein 22.2± 7.2 22.5 ± 3.6 











L-VLDL H-VLDL H-G L-G 
Selection criterion Abdominal fat content Plasmas VLDL Plasma glucose 
n 6 6 7 6 7 7 
Concentration 36.0 ± 13.0 41.4± 10.2 8.8 ± 2.8 ** 15.8 ± 0.5 6.6 ± 2.4 * 10.8 ± 2.9 
Percentage of - 
Free Cholesterol 10.2 ± 3.1 9.8 ±1.8 8.5 ± 2.9 7.9± 0.6 5.9 ±1.2 5.7 ±1.3 
Cholesteryl esters 26.8 ± 5.0 30.6 ± 2.6 29.3 ± 4.8 26.1± 0.9 20.2 ± 6.5 15.9±4.2 
Triglycerides 14.4 ± 2.9 12.1 ± 2.8 17.4 ± 5.7 19.6 ± 1.8 34.3 ± 8.4 36.3 ± 4.3 
Phospholipids 19.1 ±1.5 20.8±2.5 22.5±3.0 22.6±2.3 15.5±3.0 18.0±1.4 
Protein 29.6 ±4.4 25.6 ± 4.2 28.9 ± 3.7 * 24.9 ± 0.6 21.6 ± 6.3 22.3 ± 4.5 













Table IV. Plasma LDL concentration (mg/dl) and chemical composition (% weight) in fasted lean and fat chickens at 7 wk of age. 
Experimental Line 
parameters 
LL FL L-VLDL 	H-VLDL H-G 	L-G 
Selection criterion Abdominal fat content Plasma VLDL Plasma glucose 	 0 
I 
n 6 6 7 	 6 
CD 
7 	 7 
CD 
Concentration 90.0 ± 15.0 * 67.6±15.6 103 ± 24.4 * 	70.6 ± 18.9 42.5 ± 5.5 * 	56.9 ± 14.5 
Percentage of RL 
Free cholesterol 10.9±1.8 10.6±1.9 9.7±0.5 	8.6±0.4 8.6±1.1 	8.7±1.0 
Cholesteryl esters 33.6 ± 3.3 28.0 ± 5.1 33.9 ± 1.3 34.1 ± 0.5 32.8 ± 5.2 31.7 ± 3.0 
Triglycerides 8.5± 0.8 8.5±2.0 8.8 ±2.2 	8.1 ±1.1 9.6± 1.4 	12.1 ±1.8 
Phospholipids 182±2.9 24.4±3.6 22.1 ±0.5 22.9±0.3 21.2±1.7 21.3±0.4 
Protein 29.8 ± 4,7 28.5 ± 5.0 26.2 ± 0.7 	25.6 ± 0.5 27.5 ± 4.2 	26.2 ± 2.1 
Values are means ± SD of nchickens. , P< 0.05. 























LL 	 FL 
Selection criterion 	 Abdominal fat content 
ri 	 6. 	6 
Concentration 411 ± 84 458 ± 63 
Percentage of: 
Free cholesterol 4.5 ± 0.7 3.8 ± 0.3 
Cholesteryl esters 18.0 ± 2.8 18.7 ± 4.0 
Triglycerides 2.0 ± 0.7 2.2 ± 0.6 
Phospholipids 27.4 ± 2.1 29.3 ± 4.7 
Protein 48.1 ± 2.7 46.0 ± 6.2 
Values are means ± SD of n chickens. 




4.1 ±0.3 3.9±023 
25.3 ± 0.9 23.0 ± 2.0 
1.3±1.1 2.6±1.8 




.7 	 7 
400±63 	424±37 
4.1 ± 0.4 3.9 ± 0.6 
22.0±3.6 23.4±1.4 
2.5±0.9 2.4±1.1 
22.1 ±3.0 23.8± 1.0 
47.1 ±4.7 45.9± 1.4 
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sue has been shown to be higher in FL 
chicken than in the LL birds (Hermier et a!, 
1989), whereas no difference was found 
between H-VLDL and L-VLDL chickens 
(Griffin et a!, 1989). These differences in 
LPL may explain why the FL and LL lines 
show a greater divergence of abdominal 
fatness relative to VLDL that the H-VLDL 
and L-VLDL lines. No data is available 
concerning H-G and L-G chickens. The 
balance between synthesis and catabo-
lism may thus differ between lines and 
may also explain the variations of IDL and 
LDL. However, these differences seem to 
affect only trig lyceride-rich lipoproteins. In 
all lines, the concentration and chemical 
composition of HDL, which are the second 
class of lipoproteins synthesized and se-
creted by the liver, were not influenced by 
the selection process. 
Two mechanisms may contribute to the 
lower fasting plasma glucose levels seen 
in the 3 fatter lines. Firstly, increased 
VLDL secretion is thought to be associat-
ed with greater hepatic lipogenesis in the 
fatter lines (Bannister eta!, 1984; Legrand 
eta!, 1987; Saadoun and Leclercq, 1987). 
Lower levels of glucose, a substrate for 
lipogenesis, may therefore result from this 
enhanced lipogenesis. It has been hypoth-
esized that FL chickens express a greater 
sensivity to insulin, which may account for 
both hypoglycemia and increased hepatic 
lipogenesis (Saadoun et a!, 1988; Simon, 
1988). The use of different substrates for 
energy generation may also be a factor. 
Griffin eta! (1989) observed elevated plas-
ma f-hydroxybutyrate levels in the L-VLDL 
line and suggested that this resulted from 
a preferential direction of fatty acids to-
wards oxidation. A consequence of this 
conclusion would be that fat birds might 
generate proportionately more energy 
from carbohydrate, and show lower glu-
cose levels in consequence. 
CONCLUSION 
In conclusion, it is apparent that the sus-
ceptibility to fattening in the chicken is as-
sociated with lower levels of plasma glu-
cose and higher levels of plasma VLDL, 
independent of the selection criterion. 
These findings are in good agreement with 
the statement that, in fat chickens, there is 
a change in the balance of energy metabo-
lism towards an increase of triglyceride 
synthesis from the carbohydrate compo-
nent of the diet. The hypotheses that the 
lower glucose levels in fat birds reflect a 
greater sensitivity to insulin and may also 
indicate preferential oxidation of carbohy-
drate need to be tested more widely in 
lean and fat chickens. 
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Abstract-1. Protein turnover and amino acid oxidation were examined in two lines of domestic broiler 
chicken selected for high (fat) and low (lean) plasma very low density lipoprotein levels. 
Protein turnover was assessed by comparing N'methyl histidine excretion in the two lines. No 
differences between the fat and lean birds were found. 
Oxidation of [U-' 4C]amino acids in vivo was measured in birds of both lines which had been fed ad 
lib. The lean birds oxidized significantly less of the administered [U-' 4C]amino acids to ' 4CO2 than their 
fat counterparts during the first 90 min following administration. 
Lean birds also excreted significantly less 14C than fat birds from [U- 14C]amino acids. 
INTRODUCTION 
A breeding experiment involving the selection of 
broilers on the basis of low or high plasma very low 
density lipoprotein (VLDL) concentration has re-
sulted in two lines with markedly different body fat 
contents. Thus after three generations of selection, 
the low VLDL (lean) line had lower proportions of 
total body lipid and abdominal fat than the high 
VLDL (fat) line but a higher proportion of body 
protein (Whitehead and Griffin, 1984). There was 
little difference in 7-week body weight, but the lean 
line ate less feed with the result that it had a 7% 
better feed conversion efficiency (FCE). When its 
slightly higher body protein content was taken into 
account, this line showed an 11% better conversion 
efficiency of protein consumed in a diet not limiting 
in protein. 
Metabolic comparisons to date between the lines 
have centred on lipogenic enzyme activities in the 
liver (Bannister et al., 1984). However, in view of the 
apparent differences in protein utilization, it was 
decided to compare some aspects of amino acid 
metabolism. The present paper reports the results of 
studies on N°methyl histidine (NrMH) excretion and 
oxidation of [U-' 4C]amino acids in vivo in the two 
lines. N°MH excretion gives a measure of muscle 
protein breakdown in chicks (Saunderson and Leslie, 
1983) and can be used as an index of muscle protein 
turnover in many species. Amino acid oxidation gives 
an indication of the rate of catabolism of amino 
acids. 
MATERIALS AND METHODS 
[U-'4C]labelled protein hydrolysate was obtained from 
Amersham International plc, Amersham, Bucks HP7 9LL, 
UK. The material used had a specific activity of 50 mCi per 
milliatom of C; 95% of total activity was [U-' 4C]labelled 
L-amino acids. 
Amberlite CGI20 (Na form 100-200 mesh) was ob-
tained from BDH Chemicals Ltd, Poole, Dorset BHI2 
4NN, UK. 
All other chemicals were of analytical grade. 
Animals and husbandry 
Chicks were from two lines of domestic broiler selected 
for high (fat) and low (lean) plasma very low density 
lipoprotein concentrations (Whitehead and Griffin, 1984). 
Birds from the third generation of the breeding programme 
were used for the N'methyl histidine excretion studies. 
Amino acid oxidation studies were performed on birds of 
the fourth generation. Only male birds were used in both 
experiments. 
Birds were reared together on litter in pens and were given 
free access to food and water at all times. The diet used was 
of similar composition to those used commercially and 
contained 230 g/kg protein and 12.6 MJ/kg metabolizable 
energy. 
N°methyl histidine excretion studies 
Six birds of each type (lean and fat) were chosen ran-
domly from pens at 2 weeks or 5 weeks of age, placed in 
individual cages and allowed to acclimatize for 3 days. Birds 
were weighed and food intake was measured daily for 5 
days. Excreta were also collected daily during the experi-
ment. After drying in a fan-assisted oven at 80°C, excreta 
were ground to a fine powder. A portion of this (I g) was 
homogenized in 0.1 M HCI (10 ml) then centrifuged at 
5000g for 10 min. The clear supernatant was then passed 
through a column (16 cm x 1 cm) of Amberlite CGI20 (Na 
form 100-200 rhesh). The NMH was eluted in 1.0M 
pyridine. After drying by rotary evaporation, the sample 
was taken up in 0.01 M MCI containing S-2-(4-pyridyl) 
ethyl-L-cysteine (0.4 jmol/ml) as internal standard. Samples 
were analysed for N'MH using a Chromaspek J 18 analyser 
(Hilger Analytical Ltd, Westwood, Margate, Kent, UK) as 
described in Saunderson and Leslie (1983). 
At the end of the experiment with 5-6 week old birds, the 
animals were killed by nembutal injection and the abdom-
inal fat pad and breast muscles of each bird were carefully 
removed and weighed. An estimation of the protein content 
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of the muscle was made by the method of Lowry etal. (195 1) 
using bovine serum albumin as standard. 
Amino acid oxidation studies 
Birds (14-32 days old) were taken at random from pens, 
weighed and given ' 4C protein hydrolysate (10 pCi/kg body 
weight) by intragastric tube. The bird was then placed in a 
sealed Perspex metabolism chamber; both food and water 
were available in the chamber. Air was drawn through the 
chamber by means of a water pump at 2-3 1/mm. The air 
was dried by passing through a tube of small glass beads at 
0°C then ' 4CO2 was collected in ethanolamine: 2 methoxy-
ethanol (1:2; 25 ml aliquots). Fresh collection solution was 
used every 30 min for the first 2 hr, then every hour for the 
next 4 hr. Excreta were collected in a plastic tray placed 
under the wire mesh floor of the chamber. At the end of the 
experiment, the birds were killed by cervical dislocation and 
tissue samples were quickly removed and frozen at - 20'C. 
Radioactivity in excreta, incorporated into perchioric 
acid (PCA) precipitated and PCA soluble tissue fractions 
and 14CO2  trapped in ethanolamine: 2 methoxyethanol 
solutions were all measured as described by Saunderson 
(1985). A total of eight birds of the fat line and nine birds 
of the lean line were used in these experiments. 
Statistical analyses 
Co-variate analyses and t-tests were performed using a 
computerized statistical package (Minitab Inc., 215 Pond 
Laboratory, University Park, PA 16802, USA). 
The possibility of a negative relationship between body 
weight and ' 4CO2 output or 14C in excreta was tested by 
comparing the correlation between residuals obtained by 
one way analysis of variance on each of the variables. 
RESULTS 
Ntmethyl histidine excretion 
The excretion of NMH by fat and lean broilers at 
2-3 weeks and 5-6 weeks of age is shown in Table 1. 
The relationship between N'MH excretion and body 
weight for the two types of birds at each age were  
compared by co-variate analysis. The relationship of 
N'MH excretion to breast muscle weight in the two 
lines was also compared by co-variate analysis. No 
statistically significant differences were found be-
tween the fat and lean lines for any of these com-
parisons. 
Amino acid oxidation studies 
The average values of "CO, release by fat and lean 
broilers during the 6 hr following administration of 
[U-' 4C]amino acids are shown in Table 2. Although 
the fat and lean lines are different in ' 4CO2 output 
in 6 hr (Table 2) the difference arises entirely from 
the ' 4CO2 released over the first 90min after 
[U- 14C]amino acid administration. Further exam-
ination of the data indicated the possibility of a 
negative relationship between ' 4CO2 output and body 
weight (Fig. 1). When this was tested statistically (see 
Materials and Methods) the negative relationship was 
just significant (P <0.05) for the ' 4CO2 released over 
90 min but not (just) significant for the 6 hr data. 
Because of this uncertainty surrounding the effect of 
body weight on ' 4CO2 output, the data for the two 
strains of birds were compared in two ways: (1) by 
Student's (-test (which would take no account of 
body weight effect on ' 4CO2 output) and (2) by 
co-variate analysis using body weight as the co-
variate. The results of the statistical analyses are 
shown in Table 2. Taking body weight into account 
produces only slight changes in the comparisons 
between fat and lean birds. Although these 
differences are not large, the results indicate that fat 
and lean broilers oxidize amino acids differently in 
vivo. 
The radioactivity appearing in excreta of fat and 
lean birds after 6 hr was (mean ± SE) 5.26 ± 0.33 for 
lean birds and 7.26 ± 0.68 for fat birds. When these 
values are compared using Student's (-test, there is a 
significant (P <0.05) difference between the fat and 
Table I. Body weight, composition and N'methyl histidine excretion by fat and lean broilers 
at two different ages 
Fat 	Lean Fat 	Lean 
2-3 weeks 5--6 weeks 
Body wt (g) 548 ±22 	518 ±36 1827±68 	1799 +45 
Breast muscle (g) - - 205.7+ 14.0 	178.9+9.7 
Abdominal fat pad (g) - 	- 35.5 +2.8 14.5 ± 0.8 
N'MH excreted (pmol/day) 	4.75+0.21 	4.34+0.48 	21.38 ±0.49 	19.91 ± 1.90 
Results are expressed as mean ± SE for six observations. 
Weights were measured at the end of each experimental period. 
Table 2. Comparison of ' 4CO2 released from [U-' °Clamino acids by fat and lean broilers 
Fat 	Lean 
Time 4CO2 released Statistical comparison 
(mm) (% given dose) 1-test 	co-variate analysis 
0-30 3.73+0.44 	2.49+0.49 NS P <0.05 
30-60 5.38+0.44 4.40 ± 0.51 NS 	 NS 
60-90 3.78+0.16 	2.98+0.19 P <0.01 P <0.05 
90-120 2.22 ±0.18 2.21 ±0.12 NS 	 NS 
120-180 2.51 +0.21 	2.87+0.25 NS NS 
180-240 1.54+0.19 1.65 ± 0.14 NS 	 NS 
240-300 1.06+0.12 	1.07+0.10 NS NS 
300-360 0.86±0.10 0.87±0.05 NS 	 NS 
0-90 12.90+0.69 	9.86+ 1.11 P <0.05 P <0.05 
0-360 21.07+ 1.10 17.96+0.86 P <0.05 	P <0.05 
Body weight (g) 575 + 73 	626+52 NS 
Results are expressed as mean ± SE for eight (fat) or nine (lean) observations. NS, not 
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Fig. I. Relationship between body weight and 14CO2 re- 
leased from [U-' 4C]amino acids during 90 min after admin- 
istration to fat () and lean (0)  broilers. Data are shown 
for individual birds aged 14-32 days. 
lean birds. (There was no statistical evidence for a 
relationship between excreta ' 4C and body weight.) 
The ' 4C in tissues after 6 hr was measured in 
perchloric acid soluble and perchloric acid precip-
itated tissue fractions. These values are shown in 
Table 3. There was no statistically significant 
(P <0.05) difference between the fat and lean birds. 
DISCUSSION 
The unusual amino acid N'methyl histidine is a 
constituent of the contractile proteins actin and myo-
sin, and is therefore largely contained in the skeletal 
muscle (Hayashi el al., 1985). NMH excretion has 
been shown to be a useful index of muscle protein 
degradation in the domestic fowl (Saunderson and 
Leslie, 1983) and this technique has been used to 
compare muscle protein degradation in different 
strains (Hillgartner et al., 1981; Maeda et al., 1984; 
Hayashi et al., 1985; Saunderson and Bryan, 1985). 
These studies have shown that, in chicks, differences 
in muscle protein accretion rates are due to 
differences in rates of degradation rather than syn-
thesis. 
When the N'MH excretion by fat and lean broilers 
was compared, no differences were found (Table 1). 
This result suggests that muscle protein degradation 
rate (and therefore protein turnover rate) is similar in 
the two lines. This implies that the lower food 
conversion efficiency in the fat birds is not a reflection  
of an increased requirement for energy for protein 
turnover. 
The improvement in nitrogen retention by lean 
birds does not appear to be due to changes in muscle 
protein degradation. However, the differences in 
body protein (total N) between fat and lean birds are 
small and the distribution of these differences be-
tween tissues is not known. Our examination of 
breast muscle in a very limited number of 6 week old 
birds (Table 1) shows no measurable differences at 
this stage of the breeding programme. 
Results from amino acid oxidation experiments on 
fat and lean broilers suggest that, when fully fed, fat 
birds oxidize more of the administered amino acids to 
"CO, than do lean birds. It is interesting that these 
differences disappear within 2 hr of administration of 
[U-' 4C]amino acids. This observation is consistent 
with the suggestion of Neale and Waterlow (1974) 
that amino acids are preferentially taken up and 
oxidized by the liver and viscera within the first hour 
after intragastric administration (in rats). The major-
ity of amino acids are oxidized by liver and kidney of 
birds. Thus, if amino acids are given by the intra-
gastric route, significant differences between the 
different types of birds should be more obvious at the 
early stages following administration. 
The increased excretion of ' 4C material by the fat 
broilers could be a result of decreased absorption 
from the gastro intestinal tract or of increased uri-
nary excretion. The first possibility is unlikely since 
only a small tracer dose of ' 4C amino acids was given 
and this would be absorbed very rapidly by both fat 
and lean broilers. On the other hand, increased 
urinary excretion would fit well with the amino acid 
oxidation results. During catabolism a number of 
amino acids are not completely broken down to 
"CO, and the carbon chain appears as a urinary 
metabolite. In the rat as much as 10% of adminis-
tered histidine, lysine and arginine appear in the urine 
after 24 hours (Aquilar et al., 1972). Also if more of 
the amino acids are being catabolized, greater uric 
acid synthesis would be needed to remove excess 
nitrogen. Since most of the carbon in uric acid is 
ultimately derived from amino acids, uric acid from 
fat birds would be more highly labelled than from 
lean birds. 
It is possible that the increased "CO, and 4C in 
excreta produced by the fat birds is due to an 
"excess" of dietary amino acids. The reasons for such 
an "excess" may be complex. Dunn and Hartsook 
(1980) suggested that elevated oxidation of adminis-
tered amino acids by obese Zucker rats was a result 
of lower amino acid incorporation into proteins of 
lean tissue. The obese animals showed a large in- 
Table 3. 14C material in I'CA soluble and PCA precipitated tissue fractions of fat and lean broilers 
Fat Lean 
PCA soluble PCA ppt. PCA soluble PCA ppt. 
(cpm/g wet tissues) 
Breast muscle 1185+88 4559+686 1221 ± 102 2930+469 
Leg musctc 1498±83 3734±445 1588+97 3280±467 
Liver 3441±205 12164±445 4157±544 14156±341 
Kidney 3901±207 12781 ±732 4053±242 13019±670 
Intestine 7292+877 30960 ± 4042 7642+ 1069 30263+3508 
Results are expressed as mean ± SE for eight (fat) or nine (lean) observations. "Intestine" consists 
of duodenum and jejunum tissue only. 
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crease in protein degradation (as N'MH excretion) 
and large differences in lean tissue (as a proportion of 
body weight) when compared with the non-obese 
controls. In the fat broiler no such increase in protein 
degradation was discernable and differences in the 
amount of lean tissue are not likely to be large (Table 
1; Whitehead and Griffin, 1984). 
It is possible that the differences in amino acid 
oxidation between fat and lean broilers are simply 
due to the relative hyperphagia in the fat birds. These 
birds consume more food than the lean line but attain 
the same body weight (Whitehead and Griffin, 1984). 
Since protein accretion and protein degradation rates 
are similar in the two types, the fat birds will be 
consuming "excess" amino acids. Liver enzymes 
which oxidize amino acids are known to adapt to 
differing dietary conditions (Pitot and Periano, 1964; 
Harper, 1965). Oxidation is a necessary route for 
disposal of unused essential amino acids in rats 
(Aquilar et al., 1974). 
Alternatively the fat broilers may have a reduced 
efficiency of lean tissue deposition and they require to 
increase amino acid intake to compensate for this and 
to achieve the same protein growth as their lean 
counterparts. This was suggested for the obese Zuc-
ker rat (Radcliffe and Webster, 1978; Dunn and 
Hartsook, 1980) although in these animals, as in the 
fat broilers, the biochemical basis of inefficiency is 
unknown. 
There are no statistically significant differences in 
the 14C  in tissues of fat and lean birds (Table 3) but 
all tissues of the lean birds have higher ' 4C in 
perchioric acid soluble fractions. Although the effect 
is small this may imply that uptake of 14C-amino 
acids into the tissues or the size of the tissue pool is 
greater in the lean birds. Uptake of amino acids into 
tissues in the rat is known to be influenced by 
endocrine factors, notably insulin and growth hor-
mone. However, differences in the hormonal status of 
the fat and lean broilers are, as yet, unknown. 
The results of this work suggest that selection of 
birds for high and low plasma VLDL produces 
strains of birds which show differences in oxidation 
of amino acids when fed ad libitum. Studies are in 
progress to further investigate amino acid and pro-
tein metabolism in these strains and the nature of the 
differences between them. 
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Abstract-1. Male and female broiler chickens from genetically lean and fat lines were pair-fed from 12 
days of age. Main body compositional comparisons were made on females, metabolic comparisons on 
males only. 
Fat line females were lighter and fatter than their lean line counterparts at 42 days of age. 
Oxidation of [U-' 4 C] amino acids was similar in both lines when measured in vivo in males during 
the 4th week of age. 
Much higher proportions of 14 C from amino acids were incorporated into abdominal fat pad and 
liver lipids in the fatter males. 
The results demonstrate that hyperphagia is not the main cause of the metabolic and body 
compositional differences between the lean and fat lines of chicken. 
INTRODUCTION 
Lines of broiler chickens with considerable 
differences in body fatness have been developed by 
divergent selection using high or low plasma VLDL 
levels as selection criteria (Whitehead and Griffin, 
1984). After 4 generations of selection the lines have 
similar body weight at 7 weeks of age but the fat line 
contains 40% more total body lipid and 6% less 
protein. Feed intake of the fat line is 8% higher but 
the efficiency with which dietary protein is retained as 
body protein is 14% lower than in the lean line 
(Whitehead and Griffin, 1986). 
The metabolic basis for these differences between 
the lines is not as yet understood. Selection of the fat 
line on the basis of high plasma VLDL might be 
expected to give birds with high rates of hepatic 
lipogenesis and, indeed, slightly higher activities of 
hepatic lipogenic enzymes (e.g. ATP citrate lyase, 
malate dehydrogenase, fatty acid synthetase) have 
been observed in the fat line under ad libitum feeding 
(Bannister et al., 1984). A higher rate of amino acid 
oxidation in the fat line, also with ad libitum feeding, 
is the main difference in amino acid metabolism 
observed to date and has led to speculation that it 
may be a causative factor in the poorer efficiency of 
protein retention in this line (Saunderson and White-
head, 1987). However, interpretation of these results 
is complicated by the higher feed intake of the fat 
line. 
An alternative explanation for the line differences 
could be that both lines have the same capacity and 
efficiency for lean tissue growth, but that the excess 
food consumed by the fat line leads to greater 
activities of lipogenic and oxidative pathways and 
more lipid deposition. 
To investigate the role of hyperphagia on growth 
and metabolism in the fat line, the pair-feeding 
experiment described in this report was carried out. 
The results clearly show that hyperphagia is not the 
main cause of body compositional and metabolic 
differences observed between the fat and lean lines. 
MATERIALS AND METHODS 
The procedures used to establish the fat and lean broiler 
lines have been described by Whitehead and Griffin (1984). 
Birds from the 5th generation were used in the present 
experiment. Thirty males and 30 females of each line were 
reared from day-old in wire-floored brooders with feed and 
water available ad libitum. At 12 days of age the birds were 
weighed and 10 pairs of fat and lean birds of each sex were 
established on the basis of equal body weight. The birds 
were transferred to single-bird wire-floored cages, with pair 
mates being housed in adjacent cages. Feed was provided 
thereafter at regular intervals throughout each day in equal 
amounts to both members of a pair at a rate equivalent to 
the intake of the lean pair mate. Feeds were the normal 
selection diets of the lines (Whitehead and Griffin, 1984). 
These contained 230 and 190 g crude protein/kg over the 
starter (0-3 weeks) and finisher (3-6 weeks) periods re-
spectively. 
The females were used for performance and body com-
positional comparisons. They were maintained on the pair-
feeding regime up to 42 days of age when they were weighed 
and fasted overnight. They were then killed by cervical 
dislocation and the abdominal fat pads were dissected, 
weighed and replaced. The carcass was frozen and minced 
to a homogeneous paste. Duplicate samples were freeze-
dried and analysed for lipid content by extraction with 
petroleum spirit. Statistical analyses were performed on the 
data by the Student's 1-test. 
Metabolic measurements were made on male birds since 
these had been used in the earlier comparative studies 
(Saunderson and Whitehead, 1987). During the 4th week 
pair mates were fasted for 1 hr then placed in a metabolism 
chamber with feed and water and given an oral dose of 14 C 
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protein hydrolysate (10 pCi/kg body weight). Experimental 
procedures for the collection of ' 4 CO2 were the same as 
those described by Saunderson and Whitehead (1987) except 
that the test period was 3 hr only. Radioactivity in "CO 2 
trapped in ethanolamine: 2-methoxyethanol solutions and 
in excreta was measured as described by Saunderson (1985). 
After the collection period for ' 4 CO2 the birds were killed 
by cervical dislocation and abdominal fat pads and livers 
were dissected. Lipid was extracted from samples of both 
tissues by the Folch technique. After drying the extract by 
rotary evaporation, the radioactivity was measured using a 
Triton—toluene (1:2 by volume containing 0.4% diphenyl-
oxazole as scintillant) scintillation mixture. 
RESULTS 
The individual body weights of the lean and fat 
pair mates established at 12 days were very similar in 
all cases. Feed was administered equally to both birds 
in each pairing in amounts sufficient to give as good 
growth rates as possible. However the fat birds ate 
their feed more quickly and hence were without feed 
for varying periods until their lean pair mates had 
consumed their own allocations. There were occa-
sions when the lean birds too were without feed, if 
they had finished their allowances between feed allo-
cation times. 
Growth comparisons 
Two of the original 10 female pairs were aban-
doned because of ill health of an individual. The 
overall performance of the remaining female pairs is 
shown in Table 1. Overall mean feed intake was very 
similar in fat and lean birds and intakes within each 
pair were closely matched. Mean body weight of lean 
Table I. Body weight, feed consumption and body fat content in 
female fat- and lean-line broilers pair-fed from 12 to 42 days 
Significance 
Fat line 	Lean line 	of difference 
Body weight at 
12 d (g) 250+ 10 250+9 NS 
Body weight at 
42d(g) 1474±29 1622±39 P<0.05 
Feed intake 
l2-42d (g) 3081 ±76 3100+82 NS 
Abdominal fat 
(g/kg body wt) 28.2+ 1.9 14.2+1.4 P <0.00l 
Total body lipid 
(g/kg body wt) 174 ± 6 125 +7 P <0.00l 
Results expressed as mean ± S.E. for 8 birds. NS, not significant 
(P > 0.05). 
birds at 42 days was significantly (P <0.05) higher 
whereas the proportions of abdominal fat and total 
body lipid were significantly (P <0.001) lower in this 
line. These line differences were consistently reflected 
in individual pairings: within each pair, the lean bird 
was always heavier and contained a lower proportion 
of abdominal fat and total body lipid. 
Metabolic comparisons 
Four out of the original 10 pairs of male birds were 
lost due to ill health or difficulties in administering 
the correct dose of [U-'4 C] amino acids. A fifth pair 
was not considered because the fat bird, though still 
apparently healthy, became unable to eat as much as 
its lean pair mate and was much lighter by four weeks 
of age. 
Pair mates were well matched for body weight in 
the remaining five pairs. Abdominal fat pads were 
much heavier in fat line birds in four pairs and of 
similar (low) weight in the other. Over all five pairs, 
abdominal fat as a proportion of body weight was 
significantly (P <0.05) greater in the fat line birds by 
a factor of 2. All consumed feed during the 3 hr test 
period. Data on ' 4 C exhaled, excreted and incorpo-
rated into lipids are given in Table 2. There were no 
differences between the lines in ' 4 CO2 exhaled or 
in excreta. However radioactivity in fat pad and liver 
lipids was significantly higher in the fat line on the 
basis of both total t4c in the tissue and ' 4 C in the 
lipid per g tissue. 
DISCUSSION 
The results from the pair-feeding comparison indi-
cate that hyperphagia is not the main cause of fatness 
in broilers selected for high plasma VLDL levels. This 
conclusion is based on the observation that, on 
similar feed intakes over the period 12 to 42 days, 
birds of the fat line at 42 days were all lighter but 
fatter than those of the lean line they were paired 
with. The fat line birds may have been fatter than 
their pair mates at 12 days, but it is unlikely that 
compositional differences at this age could account 
for the large differences in body composition ob-
served at 42 days. There must therefore be a funda-
mental metabolic difference between the lines in the 
partitioning of nutrients that results in fat birds 
becoming fat, even at the expense of overall body 
growth, when feed is limited. Of course, hyperphagia 
in fat line birds fed ad libitum may well contribute to 
Table 2. Body and fat pad weights and ' 4 C in CO2 , excreta and liver and fat pad lipids 
from pair-fed fat- and lean-line broilers given [U-' 4  Cl-amino  acids 
Fat line Lean line 
Significance 
of difference 
Body weight (g) 1063+ 127 1065+ 112 NS 
Fat pad (g/kg body wt) 14.3+2.8 6.8+ 1.1 P <0.05 
' 4 CO2 in 3 h (% dose) 18.9± 1.5 20.1 ±0.8 NS 
Excreta ' 4 C in 3 hr (% dose) 3.1 +0.9 2.5+0.4 NS 
14 C in fat pad lipid 
% dose 0.245+0.08 0.034+0.01 P <0.05 
dpm/g tissue 3658+ 1116 1124+ 172 P <0.05 
14 C in liver lipid 
% dose 1.089+0.19 0.584+0.07 P <0.01 
dpm/g tissue 7294 ± 954 4250+ 554 P <0.01 
Results expressed as mean ± S.E. for 5 birds. NS, not significant P > 0.05) 
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further compositional and metabolic differences be-
tween the lines. 
Similar general conclusions have been drawn re-
garding the obese Zucker rat, although there are 
differences between the species in their responses to 
feed restriction. Cleary et al. (1980) showed that 
removal of hyperphagia did not prevent obesity 
developing in the rat. However, their obese rats 
achieved higher body weights than lean littermates 
even on the same feed intake and the restricted (pair 
fed) obese animals were fatter (on a relative body 
weight basis) than counterparts fed ad libitum. These 
last comparisons were not made on the chickens in 
the present experiment, but the proportions of body 
lipid in the pair fed birds of the fat line were not 
higher than those observed on other occasions in fat 
line birds fed ad libitum (Whitehead and Griffin, 
1984). 
The males showed similar relative line differences 
in abdominal fatness as the females but body weight 
differences were not so large. Rate of amino acid 
oxidation in the pair-fed males was very similar in 
both lines. This observation contrasts with the earlier 
finding that amino acids were oxidised at a faster rate 
in the fat line under ad libitum feeding (Saunderson 
and Whitehead, 1987). This difference in response 
under the two feeding conditions suggests that the 
elevation of amino acid oxidation in the fat line is a 
response to hyperphagia rather than being a factor 
regulating dietary protein utilisation. 
The results of the present study clearly demon-
strate that fat broilers incorporate proportionately 
more carbon from amino acids into lipids than their 
lean counterparts, even when hyperphagia is pre-
vented. This observation explains, at a metabolic 
level, the lower efficiency with which dietary protein 
is retained in the fat broiler. However, the metabolic 
basis for the overall regulation of fatness in chickens 
is still uncertain. Enhanced lipogenesis from amino 
acids could be indicative of a lipogenic "pull" of 
amino acids away from protein synthesis. Such a pull 
of carbon away from the citric acid cycle was pro-
posed for the obese Zucker rat by Cleary etal. (1980). 
However, Haggarty et al. (1986) disagreed with this 
suggestion, having shown no shortage of available 
amino acid for protein synthesis and a higher plasma  
pool of amino acids in obese than in lean rats. Plasma 
amino acids pools in pair-fed fat and lean chickens 
have not been compared. Studies in the Zucker rat 
(Haggarty et al., 1986) and obese mouse (Newsholme 
etal., 1979) have suggested that regulation of fatness 
occurs primarily at a hormonal level; investigations 
on the possible hormonal basis in chickens are in 
progress. 
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Abstract 1. A breeding programme based on the assessment of the 
body fat content of broilers by measurement of plasma very low 
density lipoprotein concentration has resulted in 2 lines with signi-
ficantly different body fat contents. 
Energy and nitrogen intake and retention were measured in 63- to 
70-d-old females from each line during 5-d periods of indirect cham-
ber calorimetry. Results obtained by this technique were compared 
with results from a previously published growth trial incorporating 
carcase analysis at 49 d. 
Body weight, metabolisable energy intake, heat production, energy 
retention and efficiency of energy retention did not differ significantly 
between the fat and lean lines. 
The proportion of energy retained as crude protein and the 
efficiency of crude protein retention were significantly greater in the 
lean line. 
In terms of whole-body energy and nitrogen exchanges, the essen-
tial difference between the lines was therefore in the partition of the 
same quantity of retained energy between fat and protein deposition. 
The results were consistent with a higher rate of breakdown of 
amino acids in the fat line; because heat production did not also 
increase, a greater proportion of retained energy therefore became 
available for storage as fat. 
INTRODUCTION 
Indirect divergent selection using plasma VLDL (very low density lipopro-
tein) as the selection criterion has produced 2 lines of broiler chickens differing 
significantly in carcase fat content (Griffin and Whitehead, 1982; Whitehead 
and Griffin, 1984; 1985; 1986). Genetic obesity in rodents, for example, the 
fatty rat (fa/fa), the obese mouse (ob/ob) and the diabetic mouse (db/db) 
' Formerly part of the AFRC's Poultry Research Centre. 
285 
313 
286 	 M. G. MACLEODETAL. 
(Coleman, 1978; Festing, 1979) is typically associated with hyperphagia, re-
duced metabolic rate and an increased tendency towards hypothermia, among 
an array of physiological abnormalities, some of which may be a consequence 
rather than a cause of the obese condition. There is much less information 
available on the corresponding metabolic differences in the fowl, where the 
changes in body fatness produced by indirect selection are considerably less 
than those seen in the single-gene mammalian obesities. 
Although the fat line selected by Whitehead and Griffin has a slightly 
higher food intake than the lean line, hyperphagia is not the cause of the 
difference in body fat content: pair-fed fat line birds are fatter, though smaller, 
than their lean line counterparts (Whitehead and Saunderson, 1987). At the 
level of whole-body energy and nitrogen metabolism, the divergence in carcase 
fat content could be explained by either of 2 hypotheses. 
A divergence in the efficiency with which energy is deposited in the 
body (measurable as a difference in metabolisability of food or, more likely, as 
a difference in energy expenditure for the same intake of food energy). 
A divergence in the partition of the same amount of retained energy 
between fat and protein. 
These 2 hypotheses were tested by indirect calorimetry on 10-week-old 
birds from both lines. Calorimetric results were compared with estimates 
calculated from previously published body composition and food intake data 
(Whitehead and Griffin, 1984). 
MATERIALS AND METHODS 
Eight 63- to 70-d-old females were randomly selected from the third 
generation of each line of broilers selected on the basis of plasma VLDL 
(Whitehead and Griffin, 1984). Energy and nitrogen metabolism were mea-
sured in the apparatus described by Lundy et al. (1978) with improvements to 
the analysis system described by MacLeod et al (1985). Two birds from the 
same line were placed in each calorimeter chamber at a dry-bulb air tempera-
ture of 20 °C and a relative humidity of 70% (PH 2017 kPa). The lighting 
pattern was 23 h light: 1 h dark. Water was provided ad libitum. All 8 pairs of 
birds were subjected to calorimetric measurement, with 4 pairs (2 pairs from 
each line) being observed simultaneously during one or two 6-d periods. Food 
was withdrawn at 10.00 h on day 1; fasting heat production (Fib) was measured 
(and droppings collected) for 24 h starting at 10.00 h on day 2. Droppings 
were collected in polymethylmethacrylate (Perspex) trays placed on the floor of 
the calorimeter chambers. The fasting measurement was performed first to give 
the birds as long as possible to become accustomed to the chambers before the 
fed measurement. This was because voluntary food intake is sensitive to 
changes in the bird's surroundings. A pelleted food calculated to contain 12-74 
MJ/kg AME and 190 g/kg crude protein was then provided ad libitum for the 
remaining 4 d. Day 3 was treated as a recovery period; H measurements and 
total droppings collections were performed during days 4 to 6. 
A separate measurement of H was obtained for each of the 3 d, but daily 
droppings collections were bulked to give a 3-d sample. The bulked collections 
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were stored in sealed aluminium dishes at - 20'C until they were freeze-dried 
and ground for analysis. Nitrogen in food and droppings was determined by 
the Kjeldahl method, using Buchi digestion and distillation. Energy contents 
were measured in a Gallenkamp adiabatic bomb calorimeter. 
Apparent metabolisable energy (AME) was calculated as 'E="e (FE + UE) 
and apparent metabolisability as 'E/'E  (see below for key to symbols and 
subscripts). Total energy retention was calculated as R,=IE —(FE + UE) — H. 
Nitrogen retention was calculated as RN IN — (FN +UN) and crude protein 
retention as R==625RN. Energy retained as crude protein was given by 
RE,xp237R xP. Energy retained as fat could therefore be calculated as 
RE,XL  and retention of fat by weight as R,,, = REx,/3.9-2. The values of 
237 and 392 kJ/g used for the energy contents of protein and fat are those 
given by Znaniecka (1967). 
Rectal (20 mm insertion) and shank temperatures were measured by means 
of a digital resistance thermometer accurate to 01°C. Physical activity was 
measured simultaneously with H using Doppler-radar activity meters, results 
from which have previously been described by MacLeod et al. (1982) and 
MacLeod and Jewitt (1985). 
Analysis of variance was performed for each variate, with the 2 experimen-
tal periods treated as blocks. Regressions, where used, were fitted by the least-
squares method. For comparison with the calorimetric results, estimates of 
energy and nitrogen metabolism were derived from means of food intake, body 
weight increase and carcase composition in the same generation (given in Table 
3 of Whitehead and Griffin, 1984). To minimise error, calculations were based 
on the weight of the birds immediately before slaughter, after an overnight 
fast. A hatch weight of 40 g was assumed in calculating weight gain. Heat 
production over the whole 49 d period was estimated as the difference between 
AME intake and carcase energy retention. 
Key to symbols 
Symbols: I rate of intake, R rate of retention, H heat production rate 
(kJ/d), F rate of faeces production, U rate of urine production. 
Subscripts: E energy (heat of combustion, kJ/d), N mass of nitrogen (g/d), 
XP crude protein g/d, XL crude lipid (ether extract, g/d), b fasting. 
RESULTS 
At the time of the calorimetric experiments, the samples from the 2 lines 
had identical mean bodyweights (Table 1). This made it unnecessary to adjust 
any of the weight-dependent measurements for body weight differences and all 
comparisons could therefore be made on a per-bird basis. 
Food intake by weight, and therefore gross energy intake, was 3% greater 
in the fat line, a non-significant difference (NS). This difference was counter-
acted by an opposite and almost equal effect on faecal and urinary energy 
losses, resulting in equal intakes of AME in the 2 lines. Apparent metabolisa- 
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TABLE 1 
Measured and derived results from calorimetry chamber comparisons at 10 weeks of age in fat and lean broilers. n = 4 
(bird-pairs) except for body temperatures, where n = 8 (individual birds) 
Fat 	Lean Significance 
Mean Mean 	 SED' of difference 
Body weight 	 2-29 	2-29 0-043 NS 
Food intake by weight (g/d) 	 157 153 	 44 NS 
Gross energy intake (kj/d) 2700 	2632 77-2 NS 
Faecal + urinary energy losses 
when fed (kJ/d) 
Faecal+urinary energy losses 
2when fasted (kJ/d) 
AME intake (kJ/d) 
Apparent metabolisabiity 
H(kJ/d) 
RE when fed 
H, (fasting heat production) (kJ/d) 
R E when fasted (kJ/d) 
k (net efficiency of utilisation of AME) 
Gross efficiency of AME retention 
Maintenance (R E O) AME intake (kJ/d) 
RQ fasting 
RQ fed 
Nitrogen intake (g/d) 
Faecal + urinary nitrogen losses (g/d) 
—fasted 
—fed 
Nitrogen retained when fed (g/d) 
Total energy retention (kJ/d) 
Energy retained as crude protein 
(N x 6-25 x 23-7) (kJ/d) 
Gross efficiency of crude protein 
retention 
Energy retained as fat 
Fraction E retained as fat 
Fraction E retained as crude protein 
Locomotor activity (units/d)—fasted 
—fed 
Rectal temperatures (0 °C) —fasted 
- 	—fed 
Shank temperature 	—fasted 
—fed 
I SED is the standard error of the difference. 
* P<0-05; (analysis of variance). 
729 657 30-8 NS 
48-3 64-2 9-44 NS 
1965 1971 50-9 NS 
073 0-75 0-006 NS 
1167 1194 23-9 NS 
798 777 61-9 NS 
812 887 16-6 * 
— 860 — 952 20-1 * 
0-83 0-85 0-008 NS 
0-41 0-39 0-021 NS 
996 1058 23-7 NS 
0-71 0-71 0-002 NS 
0-97 0-94 0-010 NS 
479 4-68 0-317 NS 
0-53 0-82 0-060 * 
3-29 2-81 0-152 * 
1-50 1-87 0104 * 
798 777 61-9 NS 
216 280 18-3 * 
0-31 0-40 0-021 * 
582 497 52-8 NS 
0-73 0-63 0-021 * 
0-27 0-37 0-021 * 
34626 40194 3416 NS 
42275 60088 9160 NS 
40-8 40-6 0-11 NS 
40-9 40-9 0-25 NS 
32-1 32-9 0-99 NS 
34-7 35-4 0-31 NS 
bilities were 0-73 and 0-75 in fat and lean lines respectively. The lean birds 
tended, however, to have higher faecal plus urinary energy outputs when 
fasted. The between-line differences in faecal plus urinary energy losses, and 
the reversal of the sign of the differences between fed and fasted states, was 
paralleled in nitrogen excretion (Table 1); this can be emphasised by the 
similarity of the ratios of kJE: gN in the droppings, the values being 222 and 
234 for fat and lean lines when fed and 91 and 78 when fasted. 
Although the mean and range of AME intake were the same in both lines, 
intakes did not stabilise until the second day of H measurement. The individual 
daily measurements on each bird-pair were therefore regressed on 'E  to 
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obtain a relationship which takes differences in food intake into account (Fig.). 
When the birds were fed ad libitum, heat production was about 2% lower in the 
fat line (NS) and this led to total energy retention being about 3% higher in this 
line (NS). Fasting heat production was about 9% lower in the fat line (P<005). 
Regression analysis for each bird-pair, including the fasted values and 3 fed 
values (1/d) of 'E  and R showed that mean net efficiency of utilisation of 
AME (k) had not been significantly affected by selection (Fig.). Gross efficiency 
of energy retention (R E/lAME ) also differed little between lines. Respiratory 
quotient (RQ) was identical (0.71) in both lines during fasting and not 








0 	 1000 	 2000 
'AME (kJ/d) 
FIG—The relationships between energy retention and energy intake in the 2 lines. The 
regression parameters and lines are the means of the individual regressions calculated for each 
bird-pair. Each point represents a 1 -d measurement. Individual bird-pair results are identified by 
number. 
The nitrogen intakes of the 2 lines were similar, as would be expected 
from the similarity in food weight intake. Nitrogen excretion, however, was 
about 17% higher in the fat line, leading to a reduction of about 20% in 
nitrogen retention by that line (NS). Values for the gross efficiencies of 
nitrogen and crude protein retention in the fat line were consequently signifi-
cantly lower (P<0.05). 
The combination of similar total energy retention with a difference in 
nitrogen retention led to significant differences in the partition of retained 
energy between fat and protein. 37% and 27% (P<005) of retained energy 
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was in the form of crude protein in the lean and fat lines respectively. The 
complementary results for fat were 63% and 73% (P<005). 
Locomotor activity was higher in the lean lines under both fed and fasting 
conditions, but this effect was not significant. Rectal and short-surface temper-
atures decreased during fasting but did not differ between lines. 
In those cases where comparison was possible, results from food intake, 
growth measurement and carcase analysis corresponded well with those from 
the shorter-term calorimetric observations (Table 2). In the critical comparison 
of partition of energy between protein and fat, the agreement was particularly 
good in the case of the lean line; the calorimetric technique gave a higher 
estimate of the relative fatness of the fat line. In the females, estimated heat 
production from carcase analysis and energy intake showed the same tendency 
as the calorimetric measurement for H to be slightly lower in the fat line; in the 
males the difference was smaller and in the opposite direction. Gross efficien-
cies of energy retention obtained by the 2 methods were strikingly similar. 
TABLE 2 
Energy metabolism estimates for birds growing to 49 d of age in fat and lean broilers after 3 generations of selection 
(derived from carcase composition and food intake data in Table 3 of Whitehead and Griffin, 1984) 
Weight increase as fat (g) 
Carcase energy increase as fat (kJ) 
Fraction carcase energy retained as fat 
Weight increase as protein (g) 
Carcase energy increase as protein (kJ) 
Fraction carcase energy retained as protein 
Total carcase energy increase (kJ) 
AME intake 49d (kJ) 
H 49 d (kJ) [energy intake-carcase 
energy increase] 
H/d 
Gross efficiency of AME retention 
Female Male 
Fat Lean Fat Lean 
411 326 436 314 
16111 12779 17091 12309 
068 0•61 067 057 
314 338 362 384 
7441 8011 8579 9100 
032 039 033 0.43 
23552 20790 25670 21409 
55610 54464 59738 55024 
32058 33674 34068 33615 
654 687 695 686 
042 038 0.43 039 
DISCUSSION 
Because the small difference between lines in food intake by weight and as 
gross energy observed during the calorimetric measurements was offset by a 
difference in energy metabolisability, the results obtained by calorimetry-
chamber energy and nitrogen balances can be viewed as having occurred in the 
absence of any hyperphagia in the fat line. Some of the difference in energy 
metabolisability can be attributed to the greater rate of nitrogen excretion by 
the fat line; it can be estimated, on the basis of heat of combustion for uric acid 
of 1926 kJ/mole (11-46 kJ/g), that the greater nitrogen excretion of the fat 
line contributed 23% of the difference in faecal+ urinary energy losses. 
There was no indication of the depressed bodyweight-adjusted metabolic 
rate usually seen in genetically obese rodents (Pullar and Webster, 1974; 
Thurlby and Trayhurn, 1979) and it was therefore not unexpected that there 
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was no sign of a thermoregulatory defect, especially at the relatively equable 
(although not thermoneutral) temperature of 20 °C. The difference in loco-
motor activity between the lean and fat lines did not produce a difference in 
heat production. The first hypothesis put forward in the Introduction—that 
the divergence in body composition may be attributable to a divergence in 
energy expenditure—therefore appears to be untenable. 
The most distinct difference between the lines was in the partition between 
body fat and protein of a similar quantity of retained energy. It appeared that 
in the fat line more ingested protein was being degraded and used as an energy 
source. This conclusion is supported by results of biochemical studies on birds 
from later generations. These have shown that, under ad libitum feeding, there 
is an increase (15%) in the rate of amino acid oxidation in the fat line 
(Saunderson and Whitehead, 1987) which is close to the difference in total 
nitrogen excretion (17%) found in the present study. The difference in amino 
acid oxidation was not observed when birds were pair-fed, but incorporation of 
14C from amino acids into lipid was markedly greater in fat line birds under 
those conditions (Whitehead and Saunderson, 1987). 
The degree of agreement between calorimetric and growth trial compari-
Sons of the 2 lines reinforced the validity of these conclusions. Because the 
growth trial results give life-time means over 0 to 49 d while the calorimetric 
results are based on 1 week from 63 to 70 d, comparison of the relative 
differences between the lines is better than comparison of the absolute values. 
These line differences were very consistent of the 2 sets of data. 
In their essential features, the results were similar to those obtained in 
fowl selected for fatness and leanness on the basis of sibling body composition 
(Leclercq et al., 1980). There were strong similarities between the 2 pairs of 
lines both in growth trial (Leclercq and Saadoun, 1982) and calorimetry 
experiments (Geraert et al. 1987); the latter comparison was made in this 
laboratory. 
In conclusion, selection for leanness and fatness in broilers has produced 
lines which differ markedly in rate of fat and protein deposition at similar 
intakes of energy and nitrogen. The leanness attained is attributable not to 
increased energy expenditure but to a change in the partition of retained 
energy between fat and protein deposition. This is doubly fortunate in com-
mercial terms: the indirectly selected character, leanness, has a desirable 
correlated character, increased efficiency of protein retention. 
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Involvement of Diet in Fatty Liver and 
Kidney Syndrome in Broiler Chickens 
Sir.-A characteristic of fatty liver and kidney 
syndrome (F.L.K.S.) in chickens is an excessive 
amount of fat in the liver and kidneys (Laursen-
Jones, 1971). We have found that the ether-extract-
able fat content of the fresh livers of normal broilers 
at four weeks was about three per cent., whereas in 
fresh livers of broilers dying from F.L.K.S. up to 
that age it was about 6.7 per cent. 
We have investigated the possibility that F.L.K.S. 
is related to a disorder of fat metabolism, for the 
following reasons: 
The aetiology of F.L.K.S. is still unknown and 
the review of Laursen-Jones (1971) does not suggest 
an infectious cause. In addition D. W. F. Shannon 
(1972 personal communication) reported outbreaks 
of F.L.K.S. at two research centres using different 
stock but a common diet. 
There is evidence that low-protein diets (parti-
cularly those based on wheat) may play a significant 
role in the occurrence of F.L.K.S. (Blair, Bolton & 
Duff, 1969; Husbands & Laursen-Jones, 1969). A 
protein factor that prevented fatty liver in rats has 
been shown to be methionine (Maynard & Loosli, 
1969). 
Both low-protein and low-fat levels in the 
diet have been shown by Yell and Leveille (1971a) 
to induce a high rate of fat synthesis in the avian 
liver. 
We have therefore carried out three experiments 
involving nutritional treatments. In all about 6,000 
broilers were used. In the first experiment the diet 
consisted of 60 per cent. wheat and was formulated 
to be limiting in protein and methionine and in two 
other factors shown to be involved in fat metabo. 
'lism, namely choline and cyanocobalamin (vitamin 
B u). The determined contents of crude protein, fat 
and methionine + cystine were 17.8, 6.88 and 0.6 
per cent. respectively, and the calculated contents 
of choline and cyanocobalaniin were 1.080 and 
0.018 mg. per kg. respectively. This diet was then 
supplemented with DL-methionine, choline and 
cyanocobalamin, separately and in combination. 
In the second experiment two basal diets were 
used: one was that used in Experiment 1, and the 
second was a diet supplying a similar level of main 
nutrients but containing maize + barley in place of 
wheat. Both diets were supplemented with DL-
methionine, and with an amide (L-glutamine) since it 
is known that the amide content of wheat may be as 
high as three per cent. 
In the third experiment four diets containing 
either 18 or 22 per cent. protein and about three or 
eight per cent. fat were prepared. They were found 
to contain about 0.14 mg. per kg. selenium and since 
this element has been claimed recently by Jensen, 
Schumaier, Funk and Smith (1970) to have a potent 
effect on the liver fat content of hens the diets were 
supplemented With selenium. 
The first experiment commenced in the late spring 
and the last in the winter. All birds that died during 
the three experiments were sent for post-mortem 
examination to the M.A.F.F. Veterinary Laboratory, 
Lasswade, and the incidence of F.L.K.S. was 
assessed by the number of birds dying from this 
cause. 
The overall mortality from F.L.K.S. in the three 
experiments was low, being 1.0, 0.9 and 0.25 per 
cent., respectively. The results of the first two 
experiments suggested that deaths from F.L.K.S. 
were not linked significantly with the levels of 
methionine, choline, cyanocobalamin or amide in 
the diet. However, the diet based on maize and 
barley produced a significantly greater mortality 
(1.5 per cent.) than the diet based on wheat (0.4 
per cent.). The third experiment indicated that 
neither selenium level, nor sex of broiler had a 
significant influence on mortality from F.L.K.S. 
However the mortality was nil when the dietary fat 
level was high and was 0.5 per cent, when the 
dietary fat level was low. In addition the ether-
extractable fat contents of the livers of apparently 
healthy birds were significantly different at 2.36 and 
2.97 per cent. respectively, suggesting that a low level 
in the diet might be related to an increased level of 
fat in the liver and to an increased mortality from 
F.L.K.S. This could help explain the maize + 
barley versus wheat effect found in Experiment 2. 
since the maize + barley diet had a fat content of 
3.6 per cent. while the wheat diet had a fat content 
of 6.7 per cent. It is also interesting that the diets 
found by Husbands and Laursen-Jones (1969) to be 
associated with a high incidence of F.L.K.S. con-
tained lower fat levels than diets associated with a 
low incidence of the syndrome. 
These results were not clearcut and, therefore, 
they have not been presented in detail. Neverthe-
less, they suggest that F.L.K.S. may be related to a 
disorder of fat metabolism, and a consideration of a 
practice commonly used in the field during an out-
break of the syndrome-the withholding of feed-is 
of interest in this connection. Yell and Leveille 
(1970, 1971b) have shown that starvation reduces the 
rate of fat synthesis in chick liver. 
Laursen-Jones (1971) in his review of published 
work on F.L.K.S. considers it likely that factors exist 
in starter diets which predispose to mortality from 
the syndrome. These factors are as yet unknown 
but it is possible that they may be involved in fat 
metabolism. We intend to pursue our research in 
this area, and it would be of great interest to us if 
any reader who met with an outbreak Of F.L.K.S. 
would send us details of the diet fed. 
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Fatty Liver and Kidney Syndrome in Chicks: 
The Involvement of Dietary Energy-Protein Ratio 
and House Temperature 
C. C. WHITEHEAD AND R. BLAIR 
Agricultural Research Council's Poultry Research Centre, West Mains Road, Edinburgh 
SUMMARY. Seven diets, of high wheat and low fat content, were formulated to contain 
different energy-to-protein ratios. They were fed to chicks kept in 2 broiler houses; one house was 
maintained at from 24-15 °C at the end of the experiment, the other 2-3 °C above these levels. 
Mortality from the fatty liver and kidney syndrome was highly dependent upon the dietary 
energy-to-protein ratio and ranged from 0.9% on the diet with the lowest ratio to 19 . 2% on that 
with the highest. Throughout the 8 weeks of the experiments, mortality was 20% higher in the 
warmer house. 
32 
THE FATTY LIVER and kidney syndrome (FLKS) 
can be the cause of considerable losses among 
both broiler and pullet replacement chicks in 
the United Kingdom. It normally occurs at a 
a low incidence (1-2% mortality) but occasion-
ally outbreaks occur with much higher mort-
ality(Io-2o%). The major pathological, changes 
are extensive fat accumulation in livers, kidneys 
and hearts but with no apparent organ mal-
function or obvious histological signs of 
degeneration or necrosis. The actual cause of 
death has not been established. 
The aetiology of FLKS is unknown. There is 
no evidence that it is infectious or that viral or 
bacterial agents are involved (Marthedal & 
Veiling, 1958). It has been suggested that 
nutritional, environmental and genetic factors 
are involved (Laursen-Jones, 1971). Most 
reports on the involvement of diet with FLKS 
have implicated high levels of wheat or wheat 
by-products in association with low protein 
levels (Blair et al., 1969; Husbands & Laursen-
Jones, 1969) although outbreaks have occurred 
where wheat was not the major cereal in the 
diet. A series of trials by Blair et al. ( 1 9 7 ) 
failed to implicate lipotropic agents but did 
indicate the possible involvement of low dietary 
fat levels. It is known that diets of high carbo-
hydrate and low protein and fat levels result in 
high rates of lipogenesis (Ych & Leveille, 1971). 
It may be, therefore, that the nutritional in-
volvement in FLKS lies not in the lack of any 
specific nutrient but more in the overall 
composition of the diet. 
This paper reports the results of an experi-
ment designed to investigate the relationship 
between dietary energy and protein levels and 
the incidence of FLKS, using wheat as the 
principal cereal. Since the energy metabolism 
of the bird is also influenced by environmental 
temperature, the same diets were fed to birds 
in 2 houses maintained at different tempera-
tures. 
MATERIALS AND METHODS 
Diets 
There were 7  experimental diets, formulated to 
2 energy levels and 3  protein levels. All diets had the 
same fat content (1 . 9%) and about the same wheat 
content (65 to 69%). Diets I to 3  contained about 
11 - 92 MJ (2850 kcal) of metabolizable energy 
(ME)/kg and had 22, 20 and 18% crude protein 
(CP) respectively, whereas diets 5  to  7  were formu-
lated to contain 1255 MJ (3000 kcal) ME/kg at za, 
20 and 18% CP respectively. The higher level of 
energy could be achieved, without using fat, only 
by including high energy purified ingredients such 
as starch and Promine D (a soy protein concentrate). 
Diet 4  was formulated to have the same gross com-
position as diet 3,  but had as its major protein source 
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soybeans instead of field beans to give a different 
overall amino acid composition. The compositions 
of the diets and analytical data are given in Table I. 
The diets were mixed at the same time from the 
same batches of individual ingredients and stored in 
the same room before feeding so that any fungal or 
bacterial contamination should be equivalent in each. 
The birds were fed these diets until they were 35  days 
of age, whereupon they were transferred to a corn-
inercial broiler finisher diet of unknown energy 
level but which contained 186% Cl". All diets 
1-lushandry 
The birds in house B were reared at approximately 
24° C dropping to i°C at the end of the experiment, 
whereas those in house A were brooded at higher 
temperatures. Maximum and minimum tempera-
tures were recorded twice daily in the centre of each 
house. The daily means of these recordings showed 
that throughout the experiment there was a consistent 
temperature difference of 2 to 3°C between the 2 
houses. The same staff tended the 2 houses and sub-
jected them to similar levels of disturbance. Since the 
TABLE .1 
COMPOSITIONS OF DIETS (PARTS BY WEIGHT 
1 2 3 
Diet 
4 5 6 7 
Ingredient 
Soybean meal (extr.) 25 14j 4 10 10 10 10 
Spring bean - 95 18 - - - - 
Wheat 66 67 69 65 65 65 6 
Herring meal 63 63 63 63 63 63 63 
Starch - - - Si 808 1028 1248 
Promine D* - - - 307 747 527 307 
Maize oil - - - 015 oi 015 015 
Limestone 1-6 16 16 16 16 16 16 
Dicalcium phosphate 1.15 115 115 115 115 1-15 115 
Salt 02 02 02 0-2 - 007 015 
Vita min/mmeral supplement 05 oj 05 05 05 05 oj 
Oat bulls - - - 40 - - - 
Analyses (Found) 
Crude protein (0/c,) 22 20j 185 IS 225 20 iS 
Ether extract (%) 19 19 19 1-9 1-7 iS 19 
Calcium (%) P4 1*2 1 . 3 12 1'2 12 1 . 3 
Metabolizable energy, MJ/kg (calculated) 1192 11-92 1192 1192 1255 1255 1255 
* Oppcnhcinlcr Casing Co., Edinburgh 
were fed in mash form and samples from each were 
taken during the experiment for mycological exam-
ination. 
Layout 
The experiment took place in one building which 
was divided longitudinally into .2 broiler houses, A 
and B. These houses, each containing 48 pens 
(3.72 m2),  had identical heating and ventilation 
systems and were symmetrical about the centre line 
of the building. Forty-five Ross I day-old broiler 
chicks, obtained from a commercial hatchery, were 
accommodated in each pen. The diets were allocated 
according to a randomized plan which was sym-
metrical about the centre line of the building.  
diets were rather powdery, the houses were dusted 
several times. All birds were weighed at 28 days ofage. 
All birds which died during the experiment were 
sent to the Ministry of Agriculture Veterinary 
Laboratory, Lasswade for post-mortem examination. 
Where diagnosis of FLKS was doubtful, or com-
plicated by other symptoms, sections of liver, kidney 
and heart were taken for histological examination at 
the Poultry Research Centre. 
The experiment ended when the birds were 8 
weeks old. 
Data Analysis 
FLKS mortality between diets and houses was 
examined by analysis of variance. 
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RESULTS 
During the 8 weeks of the experiment 465 
birds died from FLKS, a further 30 died show-
ing signs of FLKS (confirmed by histology) 
together with signs of other ailments, eg 
anaemia, nephritis, visceral gout, etc and 90 
died from causes apparently unrelated to 
FLKS. 
The mortality from FLKS of birds on each 
diet until day 35  is given in Table II. The mean 
TABLE II 
THE RELATIONSHIP BETWEEN DIETARY ENERGY- 
PROTEIN RATIO AND MORTALITY FROM FLKS 
IN HOUSES A AND B 
ME* 	 % Mortality from FLKS (0-35d) 
House 	House 
CPf 	Diet 	At B4 	Mean 
0542 1 13 O6 09 
0570 5 50 211 35 
0596 2 08 24 16 
0628 6 123 98 110 
o663 3 I22 86 104 
0663 4 133 11.5 124 
0697 7 220 16 192 
Mean 96 74 
* Metabolizable energy (MJ/kg) 
t Crude protein (%) 
House A was maintained at temperatures z to 3°C above 
those of house B 
mortalities of birds fed diets 3, 4 or 6 did not 
differ significantly (P > o.o). Likewise the 
mortalities of birds fed diets i and 2 or 2 and 
were not significantly different. All other 
differences in mortality were significant 
(P <oo). Mortality from FLKS was highly 
dependent upon dietary energy-to-protein 
ratio and ranged from 09% on the diet with 
the lowest ratio to 19 . 2% on the highest. 
Transfer of birds to the broiler finisher diet 
did not stop the outbreak of FLKS; deaths 
continued for a further 2 weeks. Mortality 
during this period was highest among birds 
which had previously been fed diets of highest 
energy-protein ratio. Over the whole experi-
ment mortality in house A was 20% higher 
than in house B, a difference that was statistic-
ally significant (P < o.os). 
The pattern of daily mortality was similar 
in both houses (Fig. i). Most deaths occurred 
during the 4th and 5th weeks. Over this period 
there was a proportionately higher mortality 
during the 5th week among birds fed diet 7 
than among those fed diets 3, 4 or 6. 
Mycological examination of feed samples 
showed that low levels of moulds were present 
in all diets except diet 6, which contained 
slightly higher levels. Aspergillus candidus was 
isolated from all diets; A. funiigatus from diets 
I, 2, 3, 4 and  7; A. flavus from diets 2 and 6 
and A. terreus from diet 4. 
DISCUSSION 
The results of this experiment demonstrate 
the involvement of nutritional and environ-
mental factors in the occurrence and incidence 
of mortality from FLKS They confirm previous 
observations (Blair et al., 1969; Husbands & 
Laursen-Joncs, 1969) that diets based on wheat 
containing low levels of protein are associated 
with the syndrome but show also that the 
severity of the outbreak depends on the dietary 
energy-to-protein ratio, at least when the diets 
contain low fat levels, rather than protein level 
alone or amino acid composition. The relation-
ship between dietary energy-to-protein ratio 
and FLKS is complicated by the decreasing 
requirement for protein of the growing chicken. 
Thus a diet which is initially protein-deficient 
will eventually become protein-sufficient when 
the bird reaches a stage where its protein re-
quirement equals the dietary protein level. 
Mortality from FLKS might therefore be 
expected to continue at a proportionately 
higher level in the later stages of an outbreak 
on a diet with a greater energy-to-protein 
disparity. This was in fact observed. 
Although the energy-to-protein ratio of 
diets having high wheat and low fat levels has 
been shown to be involved in the occurrence 
of FLKS, it is not yet possible to say that this is 
the cause of the syndrome. Energy-protein 
imbalances are known to cause fatty liver 
formation in man and rats. In man, fatty 
infiltration of the liver occurs in those suffering 








FIG. i. Daily mortality from FLKS. House A was maintained at temperatures 2 to 3°C 
above those of house B. All birds were weighed at 28 days of age. 
from kwashiorkor, a protein deficiency condi-
tion (Trowel! et al., 1954). In rats, feeding low-
protein diets (Stead & Brock, 1972) or diets 
deficient in one or more amino acids (Sidran-
sky & Farber, T958a, 1958b) causes liver fat 
accumulation. The mechanism commonly 
proposed for this type of fatty liver involves a 
decrease in the level of hepatic apoprotein 
synthesis below that required to provide 
sufficient lipid acceptor protein for the forma-
tion of the low-density lipoproteins which are 
essential for the transport of triglycerides from 
the liver (Flores et al., 1970). Postulation of such 
a mechanism in chicks suffering from FLKS 
would not account for the fatty infiltration 
observed in the heart and kidney. If protein 
deficiency is the cause of FLKS, another aspect 
of the metabolism of the chick appears to be 
involved. 
The involvement of some toxin, perhaps a 
mycotoxin, cannot be excluded. The diets had  
much the same compositions, were mixed from 
the same batches of ingredients and were stored 
under identical conditions. Therefore, any toxin 
should have been evenly distributed through-
out the diets. Mycological examination con-
firmed the presence of moulds in all diets. 
Studies on aflatoxin, isolated from Aspergilitis 
flavus, have shown that its adverse effects on 
chick viability and growth rate can be reduced 
by increasing the dietary protein and/or fat 
levels (Smith et al., 1971). The symptoms of 
ELKS are unlike those of aflatoxicosis; how-
ever, the results of the present experiment 
could represent a relationship between dietary 
energy-to-protein ratio and the toxicity of 
some unidentified compound. 
House temperature is an environmental 
factor found to influence FLKS: an increase of 
2 to 3°C above normal temperature increased 
mortality by 20%. Low environmental tem-
peratures are known to prevent the formation 
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of fatty liver in the rat by increasing the animal's 
requirement for energy (Sellers & Wen You, 
1949). Conversely, the higher temperature in 
the present study would have decreased the 
birds' requirements for dietary energy and 
thereby effectively increased the energy-to-
protein imbalance of the diets fed in the warmer 
house. An alternative explanation is that the 
higher temperature subjected the birds to a 
slight heat stress. There is much circumstantial 
evidence that stress is involved in FLKS and 
one of the few occasions when high levels of 
mortality coincided in both houses was on 
day 29, one day after the birds had been 
weighed. 
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3.3 
A total of 4200 day-old Ross I broiler chicks were 
subjected to an ambient temperature 2 to 3C° higher 
than normal and were fed various diets to determine 
the effects of dietary factors and sex on mortality from 
fatty liver and kidney syndrome (FLKS). In a first 
experiment mortality was not significantly influenced 
by cereal type (barley or wheat) but was influenced 
significantly by fat content 'of the diet. In a second 
experiment mortality was increased significantly with 
a low protein diet and with a pelleted one compared 
with a mash diet. In both experiments mortality was 
significantly higher in females than in males. High 
levels of protein and fat in the diet had a protective 
influence on mortality but the results, especially with 
pelleted diets, suggested that some other nutrient(s) 
might be involved in the syndrome. 
WHITEHEAD AND BLAIR (1974) showed that the energy-
to-protein ratio of the diet and house temperature 
influenced mortality from fatty liver and kidney 
syndrome (FLKS) in broilers. High levels of wheat 
or wheat by-products in the diet in association with 
low protein levels (Blair et a! 1969; Husbands and 
Laursen Jones 1969) and fat level of the diet (Blair 
et al 1973) have all been suggested as contributory 
factors. 
These other factors were therefore investigated in 
two experiments involving over 4000 birds. Form of 
the diet was also investigated since a possible cause 
of FLKS could be mycotoxins due to mould con-
tamination. Steam pelleting should reduce mould 
contamination in a compounded feed and diets were 
therefore prepared both in mash and pelleted forms. 
Groups of sexed birds were used in these experiments 
to determine whether or not there was a sex difference 
in the incidence of the syndrome. 
Materials and methods 
Experiment 1 
Design. A total of 2000 day-old sexed Ross I 
broilers were allotted to 48 floor pens, each of 3'72 m 2 
floor area, according to a statistical plan. The design 
of the experiment was a 2 x 3 x 2 factorial, the dietary  
factors being cereal type (barley or wheat), fat level 
(7, 44 or 1-8 per cent) and sex. Four pens each of 
about 42 males and females were allotted to each 
dietary combination. 
Diets. Six diets were used during the 0-35 day 
period; the compositions and analyses are shown in 
Table 1. Diets 1-3 had barley as the cereal ingredient, 
and diets 4-6 had wheat. Within each cereal type, 
viz barley-based or wheat-based, the diets were 
formulated to be isoenergetic but with varying fat 
contents. Diets 1 and 4 contained 7 per cent fat, 
diets 2 and 5 contained 44 per cent fat ; and diets 3 
and 6 contained 2 per cent fat. All six diets were 
formulated to be isonitrogenous. 
During the 36-56 day period the birds were fed a 
standard finisher diet (number 7), the composition 
of which is shown in Table 1. All diets were fed ad 
libitum. 
Husbandry. The accommodation in the broiler 
house consisted of 24 deep-litter pens on each side 
of a central passage and was described previously by 
Whitehead and Blair (1974). Ambient temperature 
was maintained at 2 to 3C° higher than that recom-
mended by the breeder and was similar to that used 
previously by Whitehead and Blair (1974). Otherwise 
the husbandry was normal. The birds were weighed 
individually at 35 and 56 days of age. All birds that 
died during the experiment were sent to the MAFF 
Veterinary Laboratory, Lasswade, for postmortem 
examination. Where diagnosis of FLKS was doubt-
ful, or complicated by other signs, sections of liver, 
kidney and heart were taken for histological ex-
amination at the ARC Poultry Research Centre. 
The experiment terminated when the birds were 
eight weeks old. 
Data analysis. The mortality data were trans-
formed to square roots in order to have a scale for 
which the model was additive. Analysis of variance 
was then done on the transformed data as for a 
2 x 3 x 2 factorial experiment. 
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TABLE 1: Compositions and analyses of diets used in experiment I 
1 2 3 
Diet 
4 5 6 7 
Composition (% by weight) 
Wheat - - - 65 65 65 60 
Barley 6134 6134 6134 - - - - 
Soyabean meal - - - 10 10 10 10 
Herring meal 63 63 63 63 63 63 63 
Isolated soy protein 819 819 819 307 307 307 - 
Starch 839 1463 2087 - 624 1284 - 
Maize oil 55 29 03 535 275 015 02 
Limestone 16 16 16 16 16 16 16 
Dicalcium phosphate 115 115 115 115 115 115 1-15 
Salt(NaCI) - - - 015 015 015 015 
Vitamin/mineral 
supplement 05 05 05 05 05 05 05 
Oat hulls 728 364 - 728 364 - - 
Analysis 
ME, kca l/k g* 2910 2910 2910 2950 2950 2950 2800 
MJ/kg 1217 1217 1217 1234 1234 1234 1171 
NX625t% 181 181 182 178 180 182 238 





Design. A total of 2200 day-old sexed Ross I 
broilers were allotted to 48 floor pens, as in experi-
ment 1. The design of the experiment was a 
2 x 2 x 2 x 2 factorial, the dietary factors being pro-
tein level of the diets used during the 0-14 and 15-35 
day periods (18 or 23 per cent) and form (mash or 
pellets). The other factor was sex. Three pens each 
of about 46 males and females were fed each dietary 
combination. 
Diets. Two dietary mixtures (Table 2) containing 
18 or 23 per cent protein were prepared. 
The mixture containing 18 per cent protein was 
similar to diet 6 used in experiment 1. One portion 
of each mixture was left as a mash while the other 
portion was formed into pellets of 3 mm diameter. 
The analyses of the diets are shown in Table 2. 
From the 36 day stage all birds were fed a standard 
finisher diet which was purchased from a commercial 
company. All diets were fed ad libitum. 
Husbandry. The husbandry of the birds was similar 
to that in experiment 1. 
The experiment was again terminated when the 
birds were 8 weeks old. 
Data analysis. A model which was additive on the 
logit scale was fitted by maximum likelihood to 
obtain a systematic statistical analysis of the mor-
tality data. This technique was considered necessary 
since neither the direct scale nor the log scale is 
entirely satisfactory for mortality data. 
The techniques of Dyke and Patterson (1952) and 




9 	10 Il 
Composition (% by weight) 
Wheat 646 63 
Soyabean meal 10 As 10 As 
Herring meal 63 in 8 in 
Isolated soy protein 305 8 745 10 
Starch 125 but 81 but 
Maize oil 015 pelleted 015 pelteted 
Limestone "6 I 	6 
Dicalcium phosphate 1.15 1 . IS 
SaIt(NaCI) 015 005 
Vitamin/mineral 
supplement 05 05 
Analysis 
ME, kcal/kg* 2950 2950 3050 3050 
MJ/kg* 1234 1234 1276 1276 
NX625°,/0 t 178 181 234 229 
Ether extract %t 25 27 27 27 
* Calculated. 
t Determined. 
Nelder and Wedderburn (1972) were therefore em- 
ployed. In these techniques the logit transformation 
3 = In {p(l—p)} 
was used and the improvement in fit due to incor-
porating additional parameters in the model was 
tested by an 'analysis of deviance'. In this analysis 
twice the logarithm of the likelihood ratio was used, 
which approximated to an analysis of chi-squared. 
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Results 
The results of the experiments are set out in Tables 
3 and 4. The fit of the logit model was entirely satis-
factory for these data. The time sequence of deaths 
is shown in Fig I. 
In experiment 1 a total of 281 birds died from 
FLKS during the 0-37 day period. The first death 
was recorded at 11 days. Percentage mortality from 
this cause was therefore 139. The incidence of 
mortality was influenced significantly by fat level in 
the diet and by sex, but was not significantly in-
fluenced by cereal type in the diet (Table 3). The  
design of the experiment allowed the effects of these 
main factors to be measured separately and in com-
bination. 
The sex effect was highly significant (P <001), the 
total of 281 deaths comprising 92 males and 189 
females. Thus under the conditions prevailing in this 
experiment, mortality was about twice as high in 
females (179 per cent) as in males (98 per cent). The 
effect of fat level was significant at P<0001. With 
2 per cent fat in the diet mortality was 226 per cent 
(153 deaths), with 4-4 percent fat it was 137 per 
cent (92 deaths), and with 7 per cent fat it was 54 
TABLE 3: Mortality (%) due to FLKS in experiment I during the 0-35d stage 
-Barley diet 	 Wheat diet 
Males 	Females 	 Males 	Females 
Fat level 	 7 3-8 	 8-0 	 5-8 4-0 
(%) in 4-4 12-2 159 8-3 18-2 
diet 	 2 12-2 	 29-5 	 167 31-8 
Mean effect of factors 





Dietary fat level (%) 
7 
4-4 13-7 - 
2 22-6J 
Sex 	 males 9'8 	** 
females 17-95 
t 	= significant at P <0-001; ** = significant at P<0-01 ;  NS = not significant at P <0-05. 
TABLE 4: Mortality (%) due to FLKS in experiment 2 during the 0-35d stage 
Dietary protein level (°,/) 
0-14d period 18 	 23 
15-35d period 18 	 23 	 18 23 
Diet as mash 
males 25-9 	 1-5 	 11-9 2-2 
females 281 8-9 21-5 3-7 
Diet pelleted 
males 34-I 	 14-8 	 25-2 5-9 
females 444 25-9 33-3 12-6 
Mean effects of factors 
Means Significance of difference between means 
Dietary protein level 0-14d 
22-51 
143J0 




Form of diet 
mash l2-7 




= Significant at P<0-OOl. 
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FIG 1: Time sequence of mortality from FLKS in experiments 1 and 2 
per cent (36 deaths). Mortality was 136 per cent (138 
deaths) with barley diets and was 141 per cent (143 
deaths) with wheat diets. There were no significant 
interactions. 
In experiment 2 a total of 405 birds died from 
FLKS during the 0-37 day period. The first death 
was recorded at 16 days. Percentage mortality from 
this cause was therefore 184. The incidence of 
mortality was influenced significantly by sex, form 
of the feed and by protein level of the diet during the 
0-14 day and 15-35 day periods (Table 4). The design 
of the experiment allowed the effects of these main 
factors to be measured separately and in combina-
tion. 
The sex effect was highly significant (P<0001), 
the total of 405 deaths comprising 241 females and 
164 males. Thus, under the conditions prevailing in 
this experiment, mortality was about 50 per cent 
higher in the females (219 per cent) than in the males 
(149 per cent). 
The effects of form of feed and protein level of the 
diet were also significant at P<0001. With mash 
diets 140 birds died from FLKS (127 per cent) and 
with pelleted diets 265 died (241 per cent). With a 
dietary protein level of 18 per cent, 248 birds died 
(225 per cent), whereas with 23 per cent protein 153 
birds died (139 per cent). 
Protein level of the diets used during the 0-14 and 
15-35 day periods had a highly significant influence 
on mortality from FLKS (P<0001). Over the total 
0-37 day period mortality was 225 per cent with 
18 per cent protein and 143 per cent with 23 per cent 
protein in the diets fed during the 0-14 day period. 
In the 0-37 day period mortality was 275 per cent 
with 18 per cent protein and was 93 per cent with 
23 per cent protein in the diets fed during the 15-35 
day period. Starting the birds on an 18 per cent 
protein diet and switching to a 23 per cent protein 
diet at the age of 15 days reduced mortality in the 
0-37 day period from 27 to 52 per cent with mash 
diets and from 393 to 204 per cent with pelleted 
diets. Starting the birds on a 23 per cent protein diet 
and switching to an 18 per cent protein diet at the age 
of 15 days increased mortality in the 0-37 day period 
from 3 to 167 per cent with mash diets and from 93 
to 293 per cent with pelleted diets. The response to 
alteration of the diet at the 15 day stage was therefore 
not equivalent with mash and pelleted diets, due to 
a significant (P<0001) interaction between these 
factors. With 23 per cent protein in the diet fed 
during both the 0-14 and 15-35 day periods mor-
tality in the 0-37 day period was 3 per cent with 
mash diets and 93 per cent with pelleted diets. 
In both experiments mortality ceased rapidly when 
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the birds were transferred to a standard finisher diet 
at 36 days of age. 
Discussion 
These experiments confirm the earlier observations 
of Blair et a! (1973) and Whitehead and Blair (1974) 
that mortality from FLKS is linked with composition 
of the diet. A diet containing a low level of both 
protein and fat and a high level of metabolisable 
energy has been shown to result in particularly high 
mortality, especially with an elevated house tem-
perature. 
Early field reports of FLKS mortality on a world-
wide basis indicated that the syndrome was preva-
lent in countries using a high content of wheat in 
poultry feeds (Laursen-Jones 1971). It was therefore 
logical experimentally to investigate the effect of 
cereal type in the diet. Blair et a! (1973) compared 
diets based on wheat or a mixture of barley and 
maize and found higher mortality with the barley/ 
maize diet, although the overall level of mortality 
from this cause was too low for a definite conclusion 
to be drawn. Diets based on barley or wheat were 
therefore compared in experiment 1 of the series 
reported in this paper. The diets were formulated to 
be as similar as possible in nutrient content, especially 
in relation to the dietary factors that seem to be 
important in their association with incidence of the 
syndrome, namely energy, protein and fat levels. The 
results indicated that the level of mortality was not 
significantly influenced by cereal type. The incidence 
of FLKS cannot therefore be linked to the use of 
wheat per se. l-lemsley et a! (1 973a) compared barley, 
oats, sorghum and wheat and have reached a similar 
conclusion. 
Experiment 1 also confirmed a previous suggestion 
(Blair eta! 1973) that a low fat level in the diet seems 
to be associated with a high level of mortality. When 
the ether-extractable lipid in the diet was 2 per cent, 
the mean mortality was 226 per cent. As the lipid 
content was raised, in isoenergetic diets, to 44 and 
7 per cent mortality fell to 137 and 54 per cent, 
respectively. These differences were highly significant 
statistically (P<0001). Other reports confirm that 
an increased dietary fat level has a protective in-
fluence on mortality from the syndrome. Husbands 
and Laursen-Jones (1969) reported high mortality 
with diets containing 67 per cent wheat and wheat 
by-products, but no mortality with a diet containing 
barley. The diet containing barley as the cereal source 
had been supplemented with either maize oil or lard. 
At the 4th European Conference Workshop on Fatty 
Liver Syndromes it was stated (Anon 1973) that 
FLKS had not been reported in Denmark since 1963 
when fat was added to the feed. Hemsley et a! (1 973b) 
have reported, however, that the dietary addition of  
3 per cent tallow, maize oil, safflower oil or soya oil 
did not influence mortality from the syndrome in 
Australia. 
Experiment 2 of the series reported in this paper 
confirmed that dietary protein level has an important 
influence on mortality from FLKS, and altering the 
protein level at the two-week stage had a significant 
effect. Whether the effect of dietary protein level on 
mortality from the syndrome is due to protein per se 
or to some other factor associated with protein is 
unknown. Since mortality ceases rapidly (within one 
to four days) after the birds are switched to a high-
protein diet, yet takes 11 to 16 days to become in-
duced in birds fed a low-protein diet, a deficiency of 
some nutrient or nutrients is suggested. However, 
none of the reported signs of nutritional deficiences 
(Scott et a! 1969) resemble those found in birds 
affected with ELKS. One finding in these and pre-
vious experiments may indicate that some dietary 
factor other than protein and fat is important, 
namely that birds reared on high-protein, high-fat 
diets showed higher levels of mortality than ex-
pected. It is possible that the elevated house tempera-
ture, which was shown previously to be associated 
with high mortality (Whitehead and Blair 1974), was 
the cause but this appears to be unlikely. 
In experiment 2 the form of the diet was also shown 
to have an important influence on incidence of the 
syndrome, the level of mortality being almost 
doubled when the diet was pelleted. This result was 
unexpected. Steam-pelleting was carried out in an 
attempt to inactivate moulds in the feed and so 
possibly reduce any problems from mycotoxins. The 
finding that mortality was increased with pellets 
suggests the involvement of some factor other than 
mycotoxins. Pelleting is known to enhance the energy 
level of the diet. It is also possible that the pelleting 
process resulted in heat damage to the protein or 
other nutrients. Both effects would have effectively 
widened the energy-to-protein ratio, which has been 
shown previously to have an important influence on 
mortality from the syndrome (Whitehead and Blair 
1974). 
An alternative explanation could be that, since 
consumption of pellets is generally about 10 per cent 
higher than that of mash, mortality was higher due 
to increased consumption of the syndrome-produc-
ing diet. However, since mortality with both high 
and low-protein diets was increased following steam-
pelleting, a simpler explanation could be that the 
process caused destruction of a nutrient. It is also 
possible that this nutrient might have been at a level 
in the diet that only just met the requirement, which 
could explain the unexpectedly high mortality with 
diets containing high levels of the protective factors, 
protein and fat. Since most diets used on farms are 
crumbed or pelleted, this might also explain the 
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field reports of mortality from FLKS in broilers 
fed apparently adequate diets. 
In both experiments 1 and 2 mortality was signi-
ficantly greater in the females than in the males. The 
significance of this finding is unknown. Generally 
there is no definite sex predominance (Laursen-
Jones 1971), although Blair et a! (1973) reported that 
59 per cent of deaths occurred in females while 
Hemsley et a! (1973b) found that 85 per cent of 
deaths occurred in males. 
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Dietary and environmental factors involved in the fatty 
liver and kidney syndrome (FLKS) were studied. 
Addition of maize oil, tallow or olive oil isoener-
getically at the expense of starch to the standard high-
mortality diet reduced mortality from 19 to 7 per cent. 
Supplementation of the standard diet with a mixture 
of vitamins reduced mortality to 1 per cent whereas 
supplementation with thiamin-alone reduced it to 11 per 
cent. Mortality was 53 per cent higher among females 
than males. At 25 days of age mortality was 94 per 
cent higher among birds that had been subjected to 
repeated stressing. Withdrawal of food on day 36 
resulted in a marked increase in mortality. 
DIETS OF HIGH energy-to-protein ratio and low fat 
content based on wheat or barley have been found 
consistently to cause high mortality from fatty liver 
and kidney syndrome (FLKS) (Whitehead and Blair 
1974; Whitehead et a! 1974; Blair et a! 1975). 
Mortality could be reduced by increasing the protein 
or oil levels of these diets and increased by steam-
pellet ing the diets or raising the ambient temperature 
of the broiler house. Certain other dietary and en-
vironmental factors may also be involved in the 
syndrome and some of them were investigated in the 
present study. 
To determine whether the beneficial effects of fat 
supplementation were associated with any particular 
type of fat, diets containing three different fats were 
fed. Other diets were supplemented withdifferent 
vitamins. All diets fed in FLKS experiments at the 
Poultry Research Centre to date have contained 
herring meal; therefore an all-vegetable diet was 
included to determine whether or not any constituent 
of herring meal was implicated. The involvement of 
litter was studied by fitting wire floors above the 
litter in some pens. Towards the end of the experi-
ment some birds were deprived of food for a day 
and the effect of this treatment on subsequent 
mortality was noted. Finally, the effect of stress on 
the syndrome was investigated by keeping the birds 
in two houses that were subjected to different levels 
of disturbance. 
Materials and methods 
Design 
A total of 4320 Ross 1 broilers was used in the 
experiment which was designed in two parts; a 
5 x 2 x 2 factorial and a 4 x 2 factorial. The factors 
were diet, stress and sex, and diet and stress respec-
tively. 
Diets 
The compositions of the eight experimental diets 
and analytical data are given in Table 1. 
Diet 1 was the high-energy, low-protein, low-fat 
diet found on previous occasions to cause high 
mortality from FLKS. Diets 2, 3 and 4 were derived 
from it by replacement of starch by isoenergetic 
amounts of maize oil, tallow and olive oil respec-
tively. Sawdust was used as an inert filler. Diet 5 was 
a control diet thought to be adequate in all nutri-
tional respects. Diet 6 consisted of diet 1 supple-
mented with inositol, choline and 10 vitamins, viz. 
vitamins A, D, E, K, B121 pantothenic acid, nicotinic 
acid, riboflavin, biotin, folic acid. Diet 7 consisted of 
diet I supplemented with thiamin. Diet 8 was an all-
vegetable diet with overall composition similar to 
that of diet 1. 
Husbandry 
The experiment took place in one building which 
was divided longitudinally into two broiler houses, 
A and B. These houses each contained 48 deep-litter 
pens (372 m 2) and had identical heating and ventila-
tion systems. Forty-five day-old chicks, obtained from 
a commercial hatchery, were placed in each pen. 
Diets I to 5 were each allocated at random to four 
pens of males and four pens of females in each house. 
Diets 6, 7 and 8 were each allocated at random to two 
pens of females in each house. The remaining two 
pens in each house were fitted with wire floors 
mounted 015 m above the litter. Females were 
placed in these pens and fed diet I. The birds in both 
houses were fed the diets from day-old until 36 days 
of age when the first part of the experiment finished. 
On day 36, food was withdrawn from half of the pens 
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TABLE I: Composition of experimental diets 
Diet (parts by weight) 
Ingredient I 2 3 4 5 6 7 8 
Soybean meal (extr) 10 10 10 10 14 10 10 133 
Wheat 65 65 65 65 573 65 65 65 
Herring 63 63 63 63 9 63 63 
Promine D 5 31 31 31 31 6 31 31 6 
Starch 125 67 67 67 5 125 125 55 
Maize oil 02 25 25 02 02 06 
Tallow 34 
Olive oil 25 
Sawdust 35 26 35 3 
Limestone 16 16 16 16 16 16 16 16 
Dicalcium phosphate I 	2 I 	2 12 I 	2 12 I 	2 I 	2 1-2 
Salt (NaCI) 02 02 02 02 02 02 02 04 
Methionine 0-1 
Lysine 0 
Vitamin supplementt 025 025 025 025 025 025 025 025 
Mineral supplement 025 025 025 025 025 025 025 025 
Vitamin supplement A + 
Thiamin supplement + 
Analyses 
Calculated: 
Metabolisable energy (MJ/kg) 125 125 125 125 125 125 125 125 
Crude protein (% Nx625) 18 18 18 18 23 18 18 18 
Ether extract (%) 19 42 51 42 45 19 19 19 
Determined: 
Crude protein (%) 185 183 186 181 240 186 184 191 
Ether extract (%) 22 41 51 47 45 20 22 23 
* Isolated soybean protein (Oppenheimer Casing Co., Edinburgh). 
t Standard vitamin supplement provided per kg diet: vitamin A, 2000 iu; vitamin D, 600 iu; vitamin E, 25 mg; vitamin K, 
13 mg; riboflavin, 4 mg; nicotinic acid, 28 mg; pantothenic acid, 10 mg. 	 - 
Vitamin supplement A provided per kg diet: vitamin A, 2000 iu; vitamin D, 600 iu; vitamin E, 25 mg; vitamin K, 13 mg; 
riboflavin, 4 mg; nicotinic acid, 28 mg; pantothenic acid, 10 mg; biotin, 036 mg; vitamin B 121 018 mg; folic acid, 22 mg; 
choline chloride, 3100 mg; inositol, 40 g. 
§ Thiamin supplement provided 36 mg thiamin hydrochloride per kg diet. 
in house B for 23 h, at the end of which period the 
deprived birds were returned to their original diets. 
The experiment finished at 40 days of age. 
Both houses were subject to the temperatures 
normally recommended and the same lighting pro-
gramme (1 h of darkness during the night). Birds in 
house A were not disturbed more than was absolutely 
necessary. However, those in house B, starting at 
14 days of age, were subjected to artificial disturb-
ance each day. Procedures involving intrusion into 
the pens and the waving of a broom over the birds' 
heads produced alarm calling and escape behaviour 
and were therefore assumed to be stressful. 
All birds that died throughout the experiment 
were sent to the Ministry of Agriculture, Fisheries & 
Food Veterinary Laboratory, Lasswade, for post 
mortem examination. 
Data analysis 
The pattern of mortality was analysed by analysis 
of variance on the square root scale as described by 
Blair et a! (1975). 
Results 
Treatment effects 
The mortality data for the 0- to 36-day period for 
diets I to 5 are given in Table 2. As has been found 
on previous occasions, the high-energy, low-fat, low-
protein diet, diet I, gave a high level of mortality 
from FLKS (189 per cent). Mortality levels for the 
fat-supplemented diets, 2, 3 and 4, were indistin- 
TABLE 2: FLKS mortality (per cent) during the 0 to 36—
day period of male and female chicks fed diets Ito Sin houses 








I 133 	167 150 206 250 228 18.9a 
2 67 	106 87 28 100 64 76b 
3 72 	67 70 44 9.4 69 7.0h 
4 28 	94 61 39 89 64 63b 
5 06 	06 06 17 06 I 	2 09c 
Mean 61 	88 75 67 108 87 
* Overall means with the same superscript were not signi- 
ficantly different (P<005) 
102 	 C. C. Whitehead, R. Blair, D. W. Bannister and A. J. Evans 
guishable one from another and were significantly 
lower (P <001) than that for diet 1. Mortality on the 
control diet 5 (09 per cent) was significantly lower 
than that on any of diets 1 to 4. 
Mortality data for females fed diet 1 (on litter 
and wire floors) and diets 6, 7 and 8 are shown in 
Table 3. Although for birds fed diet I mortality was 
TABLE 3: FLKS mortality (per cent) of female chicks fed 
diet I, 6, 7 and 8 
Diet House A House B Mean* 
167 250 20.9a 
1 (wire)t 28•9 322 30.6a 
6 1l 11 lIb 
7 67 144 106c 
8 133 167 15.0 ac 
Mean 133 179 
* As for Table 2. 
t Birds in this group were housed on wire floors, all others 
were on litter. 
50 per cent greater among those kept on wire floors, 
this difference was not significant at the 5 per cent 
level of probability. Mortality among birds fed the 
multi-vitamin supplemented diet, 6, was 11 per cent, 
which is significantly lower than that for all other 
treatments in this group. Mortality on diet 7, con-
taining the thiamin supplement (106 per cent) was 
significantly lower (P<005) than on diet 1 but diets 
I and 8, the all-vegetable diet, did not differ signi-
ficantly. 
Sex effect 
Analysis of mortality on diets 1 to 5 (Table 2) 
showed that there was a significant sex effect 
(P<001). Mean mortality was 98 per cent among 
females and 64 per cent among males. 
House effect 
Up to 36 days of age, 175 birds in house A and 215 
birds in house B died from FLKS, but the differ-
ence between the houses was not significant when 
calculated on the basis of mortality per pen. The 
variability between pens treated alike did differ signi-
ficantly. In house B, the stressed house, this varia-
bility could be accounted for by sampling variation 
if, for a given treatment and sex, every bird indepen-
dently had the same chance of dying from FLKS. In 
the unstressed house (A) it was considerably greater 
than could be accounted for in this way (P<0001) 
and significantly greater than in the stressed house. 
There was some suggestion that this was partly due 
to the effect of position in the unstressed house since 
several of the pens with high mortality were near the 
entrance to the house. 
If, however, mortality up to and including 25 days 
of age is analysed, the interpretation is clear-cut. 
During this period 95 and 49 birds died in the stressed 
and unstressed houses respectively. For the diet 
causing highest mortality, diet 1, deaths per pen 
were: unstressed house-1, 0, 3, 0 (males) and 2, 0, 
2, 0 (females); stressed house-4, 6, 4, 4 (males) and 
7, 8, 3, 4 (females). For this diet, mortality from 
FLKS during this period was very significantly higher 
in the stressed house (P<0001). 
Starvation effect 
Deaths per pen among birds fed diet 1 before and 
after the withdrawal of food are given in Table .4. 
Twelve birds died in the starved group on day 37, the 
day after food was withdrawn, whereas there were no 
deaths on this day among controls. The difference is 
highly significant. Deaths after 36 days among birds 
fed diets 2 to 8 were somewhat higher in the starved 
group but the numbers were too low to allow a 
significant analysis to be made. 
TABLE 4: Deaths per pen for birds fed diet 1. Food was withdrawn from the starved group at mid-day on day 36 for 23 h 
Pen 
number 29 30 31 32 
Age of birds (days) 
33 	34 	35 	36 37 	38 	39 	40 
Starved 	 d 12 30 7 1 
1 
3 
(18 1 I 2 2 1 
48 I 2 1 2 	 I 3 
(33 I I 2 5 
Total 10 4 2 4 4 	I 	- 	 I 12 	- 	 - 	 - 
Unstarved 	6 119 
I 1 2 1 3 
(12 I I I I 
26 I I 
LII* 3 2 I I 
Total  4 4 3 I 
Housed on wire floors, all others on litter 




The experiment confirmed that FLKS is a con-
sistently reproduceable condition. The high-energy, 
low-fat, low-protein diet, diet 1, caused the same 
high levels of mortality (ca. 20 per cent) as in pre-
vious experiments (Whitehead and Blair 1974; Blair 
et a! 1975). However, the most significant observa-
tion of the present experiment was that supplementa-
tion of this diet with a mixture of vitamins reduced 
mortality to the very low level (1 per cent) produced 
by the control high-protein diet. Diet 6 contained 
10 supplemental vitamins: vitamins A, D, E, K, B 1 , 
riboflavin, biotin, nicotinic acid, folic acid and panto-
thenic acid, together with inositol and choline. 
Whether one vitamin alone or a combination of 
vitamins was responsible for preventing the syn-
drome is a matter for speculation; however, Herhsley 
(1973) has observed that molasses in either the feed 
or the drinking water will prevent FLKS. Molasses 
is a rich source of B vitamins, pantothenic acid and 
biotin in particular (Scott et a! 1969). 
Major disorders of both lipid (Evans et a! 1975) 
and carbohydrate (Bannister et a! 1975) metabolism 
of affected birds have been reported. As indicated 
by Bannister et a! (1975), some of these findings are 
consistent with the known effects produced by a 
deficiency of B vitamins. It was also found that 
.hepatic gluconeogenic activity, which was virtually 
absent in affected birds, could be partially restored 
in vitro by the addition of biotin. This result suggested 
that the livers of FLKS birds might be deficient in 
biotin. Although there are few reliable data on the 
biotin content or availability in feedstuffs used in 
the United Kingdom, calculations suggested that the 
biotin content of diet 1 might be around 009 mg/kg. 
Since this is below the suggested requirement of 
broiler chicks (014 mg/kg, Scott et a! 1969), birds 
fed diet 1 could indeed have been biotin-deficient. 
It is therefore possible that the biotin in the vitamin 
supplement was responsible for the prevention of 
the syndrome. 
The inclusion of fat in the diet at the expense of 
starch was found to reduce mortality irrespective of 
the composition of the fat. This suggests that the 
effect is attributable to fat per se rather than to any 
particular constituent. Supplementation of diet 1 
with thiamin (diet 7) significantly reduced mortality 
by 50 per cent and if this result is meaningful it may 
explain the fat effect, since the replacement of dietary 
carbohydrate by fat is known to decrease the require-
ment for thiamin (Evans and Lepkovsky 1928). 
The finding that vitamins are involved in the syn-
drome supports the speculations of Blair et a! (1975) 
that the increase in mortality resulting from pelleting 
diets could be due to the destruction or decreased 
availability of some limiting nutrient. Several vitamins 
are known to be heat-labile. 
The high mortality among birds housed on wire 
floors ruled out the possible involvement of litter 
mycotoxins (Johnson et a! 1972). Indeed, mortality 
was 50 per cent higher among birds kept on wire 
than among those on litter, though, because of inter-
pen variation in mortality, the difference was not 
statistically significant at the 5 per cent level 
(005<P<01). Nevertheless, this result may be 
meaningful in view of the finding that vitamins are 
involved in FLKS. Many vitamins, biotin included, 
can be synthesised by micro-organisms and hence 
birds kept on wire floors and thereby deprived of 
access to their droppings and litter would have had 
a reduced vitamin intake compared with those 
housed on litter. 
The high mortality obtained with the all-vegetable 
diet (diet 8) indicated that no factor associated with 
herring meal was involved in the syndrome. 
An environmental factor implicated by the ex-
periment was stress. The type of stress applied 
affected the pattern of mortality: peak daily mortality 
was higher and occurred earlier in the stressed house, 
with the result that by 25 days of age total mortality 
was 94 per cent higher than in the unstressed house. 
However, subsequent mortality was similar in both 
houses and because of considerable inter-pen varia-
tion in mortality, particularly in the unstressed 
house, the overall effect at 36 days was no longer 
statistically significant. Since the stress was applied 
continuously from 14 days of age, it is possible that 
the decrease in its effect with age may be due to 
habituation. It was particularly noticeable towards 
the end of the experiment that birds ceased to be 
alarmed at intrusions into their pens. The increased 
variability in within-treatment mortality per pen in 
the unstressed house could have been the result of 
localised stresses since there was a tendency for pens 
nearer the house entrance to have higher mortality. 
Withdrawal of food from birds for a day resulted 
in a highly significant increase in mortality. This 
agrees with observations by Hemsley (1973) and 
suggests that a practice sometimes adopted in in-
dustry to control an outbreak of FLKS, namely 
withdrawal of food for a period, would be counter-
productive. 
As has been found in previous experiments 
(Whitehead and Blair 1974; Blair et a! 1975) 
mortality was significantly higher, by 53 per cent, 
among females. 
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The involvement of biotin in preventing the fatty liver 
and kidney syndrome in chicks 
C. C. WHITEHEAD, R. BLAIR, D. W. BANNISTER, A. J. EVANS AND R. MORLEY JONES 
Agricultural Research Council's Poultry Research Centre, West Mains Road, Edinburgh 
Three experiments were carried out to investigate the 
involvement of vitamins in the fatty liver and kidney 
syndrome. The compounds studied, singly and in 
combination, were thiamin, riboflavin, nicotinic acid, 
pyridoxine, pantothenic acid, biotin, folic acid, 
vitamin B 12, ascorbic acid, choline and inositol and, 
of these, only biotin prevented the syndrome. The 
minimum levels of supplemental dietary biotin 
required to prevent mortality varied from 005 to 015 
mg/kg, depending on the diet. These levels were 
higher than the amounts required for maximum live-
weight. 
IN PREVIOUS STUDIES it has been found that the fatty 
liver and kidney syndrome (FLKS) is dependent 
mainly on nutritional factors (Whitehead and Blair 
1974; Whitehead et' al' 1974a; Blair et al 1975; 
Whitehead et a! 1975). Increasing the fat or protein 
levels of a low-fat, low-protein basal diet con-
siderably reduced mortality (Whitehead and Blair 
1974; Blair et a! 1975), but mortality could be 
virtually eliminated by supplementing the basal diet 
with a mixture of vitamins (Whitehead et a! 1975). 
The object of the present study was to investigate 
the involvement of vitamins in FLKS in chicks. 
Materials and methods 
Husbandry 
The birds used in all experiments were Ross 1 
broiler females obtained as day-old chicks from a 
commercial hatchery for experiments A and C and 
from a breeder flock at the Poultry Research Centre 
for experiment B. The birds were housed in deep-
litter pens (372 m 2), 45 birds per pen, and had free 
access to food and water. 
Females were used in all experiments since they 
have been found in earlier experiments to be more 
susceptible to FLKS than males (Blair et a! 1975; 
Whitehead et a! 1975). Other conditions were 
chosen to maximise mortality. The birds were 
stressed by the procedures described by Whitehead 
et a! (1975) and in experiments A and B house  
temperature was kept 2 to 3 °C above the normal 're-
commended levels throughout (Whitehead and Blair 
1974). However, the house was maintained at normal 
temperatures during experiment C. 
All birds that died were sent to the Ministry of 
Agriculture, Fisheries and Food, Veterinary Labora-
tory, Lasswade, for post mortem examination. 
Other methods 
The statistical approach to the analysis of the 
mortality data was a holistic one, since the model 
underlying the technique of Blair et a! (1975) did not 
appear appropriate in this study. Live-weight data 
was assessed by analysis of variance. 
Biotin was assayed by a microbiological method 
using Lactobacillus plantarum. 
The supplemental biotin used in experiments A 
and B was crystalline Dbiotin*  and in experiment 
C was Rovimix H (I per cent D-biotint). 
Experimental plan 
Three experiments were carried out.' The first was 
designed to find out which vitamin or vitamins 
could prevent the syndrome. When it was found that 
the effect was due to biotin alone, two further 
experiments were conducted to investigate the 
levels of supplemental biotin that were required by 
various diets to prevent FLKS. 
Experiment A. The compounds investigated were: 
thiamin, riboflavin, nicotinic acid, pyridoxine, 
pantothenic acid, biotin, folic acid, vitamin B 12 , 
ascorbic acid, choline and inositol. The basal diet, 
diet 1, was the same low-protein (18 per cent crude 
protein (CP)), low fat (2 per cent ether extract) diet 
which had been found in previous experiments to 
cause high mortality from FLKS. Its composition is 
given in Table 1. Since the beneficial effect of the 
multi-vitamin supplement (Whitehead et a/ 1975) 
* British Drug Houses, Poole, Dorset 
t Roche Products Ltd, Dunstable, Bedfordshire 
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TABLE 1: Composition of basal diets 
Ingredient 	 Diet (parts by weight) 
1 	30 	33 	34 35 
Wheat 	 65 	65 	65 	65 65 
Soybean meal (445%CP) 	10 10 10 10 10 
Herring meal 	 63 	63 	63 	63 63 
Maize oil 	 015 015 015 015 015 
Maize starch 125 	75 	75 	100 125 
Isolated soy p rotein* 	31 81 81 56 31 
Methionine 	 - 	- 	01 	01 01 
Limestone flour 	 I 6 16 16 16 I 6 
Dicalcium phosphate 	115 	115 	15 	15 IS 
Salt 	 02 01 01 015 02 
Choline 	 - 	- 	003 	003 003 
Mineral supplementt 	025 025 025 025 025 
Vitamin supplements 025 	025 	025 	025 025 
Analyses 
Found: Crude protein (%) 	18 	22 	22 	20 18 
Ether extract (%) 20 20 20 20 20 
Calcium 	(%) 	12 	12 	13 	13 13 
Phosphorus 	(%) 06 06 07 07 07 
Biotin (mg/kg) 0097 	0103 	- 	- - 
Calculated: Metabolisable 
energy (Mi/kg) 	125 	125 	125 	125 125 
Available biotin 
(mg/kg) 	 0060 	0067 	0067 	0063 0060 
* Promine D (Oppenheimer Casing Co, Edinburgh) 
t Supplied per kg diet: 55 mg Cu, 0-4 mg 1,80mg Fe, 300 mg Mg, 100 
mg Mn and 50 mg Zn 
Supplied per kg diet: 2000 iu vitamin A, 600 iu vitamin D 3 , 25 mg vita- 
min E, 13 mg menaphthone, 4 mg riboflavin, 28 
mg nicotinic acid, 10 mg pantothenic acid and 
500 mg Zoamix (25% Zoalene), Dow Chemical 
Co (UK) Ltd, King's Lynn, Norfolk 
could have been due to one vitamin, to more than 
one vitamin or to a combination of vitamins, diets 
2 to 24 were derived from diet I by supplementing 
it with single vitamins or different combinations of 
vitamins according to the plan in Table 2. The supple-
mental level of each vitamin was approximately 
twice the normally accepted requirement (Agri-
cultural Research Council 1975). Ascorbic acid is 
not thought to be an essential dietary constituent 
for the chick but, since its metabolism can be affected 
by stress or disease (Freeman 1967; Satterfield et a! 
1940), it was included in diet 24 at a level of 50mg/kg. 
Each diet was fed in mash form to two pens of 
birds from day-old until six weeks of age. All birds 
were weighed at four weeks. 
Experiment B. This experiment studied the effect 
on FLKS mortality of supplementing two basal 
diets with graded levels of biotin. One basal diet 
was diet I and from it were derived diets 25 to 29 
by the addition of 002, 005, 0.10, 015 and 030 
mg biotin/kg respectively. The other basal diet, 30, 
containing 22 per cent CP, was obtained from diet 1 
by increasing the proportion of isolated soybean 
protein at the expense of starch. Supplementing diet  
30 with 002 and 030 mg biotin kg gave diets 31 and 
32 respectively. Each diet was fed in mash form to 
four pens of chicks from day-old until six weeks of 
age. All birds were weighed at four weeks. 
Experiment C. in this experiment the level of 
supplemental biotin required to prevent FLKS was 
studied under conditions that more closely resembled 
those used in commercial practice. Diets were steam-
pelleted and contained different levels of protein. Up 
to 15 days of age, birds were fed a starter diet, diet 
33, containing 22 per cent CP. This diet was basically 
the same as diet 30, but had minor adjustments to 
the levels of phosphorus, methionine and choline. 
Between 15 and 36 days a 20 per cent Cl? grower 
ration, diet 34, was fed and from 36 to 57 days, 
birds received a finisher diet, 35, that contained 18 
per cent CP. The basal diets were supplemented with 
graded levels of biotin and fed to the 10 treatment 
groups as shown in Table 4. Groups B and C received 
supplemental levels of 003 mg biotin/kg diet from 
I to 36 and from 1 to 57 days of age respectively. 
Goups D, E and F received 006 mg from 1 to 15, 1 
to 36 and 1 to 57 days respectively. During the I to 
15, 1 to 26 and I to 57 day periods 009 mg was fed 
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to groups G, H and I respectively and 0i2 mg was 
fed to group J between 1 and 15 days. At other times 
birds were fed the unsupplemented basal diets as was 
the control group A throughout. Each group com-
prised four pens and the birds were weighed at 15, 
36 and 57 days of age. 
Results 
Experiment A 
The mortality data for experiment A are given in 
Table 2. Mean mortality on all diets that contained 
supplemental biotin was 02 per cent whereas it was 
23 percent on all other diets (range 10 to 40 per cent). 
This difference was highly significant (Pa,0). No 
other vitamin or combination of vitamins signifi-
cantly reduced mortality; indeed the highest levels 
of mortality occurred on diets supplemented with 
wide ranges of other vitamins. 
Mean four week live-weight of all birds fed 
biotin-supplemented diets was 529 g and the mean 
of all others was 487 g. This difference was signi-
ficant (P<001). 
Experiment B 
Data on FLKS mortality and four-week live-
weight are given in Table 3. Diet 1 caused 28 per 
cent mortality, but addition of biotin resulted in a 
marked decrease. The relationship between mor-
tality and supplemental biotin level was non-linear 
and the lowest level that prevented the syndrome 
completely was 015 mg/kg. Live-weight also res-
ponded to supplemental biotin and the maximum 
response occurred with a level between 005 and 010 
mg/kg. 
Diet 30 caused 106 per cent mortality but a 
supplement of 002 mg biotin/kg reduced mortality 
to the same level (28 per cent) as was achieved with 
a 005 mg/kg supplement to diet 1. A supplement of 
TABLE 2: FLKS mortality among female chicks fed diets 
supplemented with different vitamins 
Diet Supplemental vitamins* 
FLKS mortality 
(I to 43 d) 
(%) 
16-7 
2 a b c d e f g h 0 
3 — — c — efghi 0 
4 a — —d — fghi j 30-0 
5 ab —-e — ghij 11 
6 abc -- f — hij 289 
7 — bcd — —g — i j 20-0 
8 a — c de --- h — j 0 
9 ab — def—  — i 0 
10 abc — efg - -— j 0 
II abcd — fghi 400 
12 a b c de — ghi 0 
13 — b — d — f— h — j 322 
14 ab — defghi 0 
15 a b c d - f g h i j 35-6 
16 ab — defgh — j 0 
17 a --—----——- 10-0 
18 —b -----———- 18-9 
19 — — c —----——- 222 
20 — — — d —----—- 14-4 
21 — — — — e 1•1 
22 — — — — — fg 21-1 
23 — — — — — — — — i 17-8 
24 — — — — — — — — — — k 15-6 
* Key to vitamins and their supplemental levels: a, folic 
acid (2-2 mg/kg); b, riboflavin (4mg/kg); c, pantothenic acid 
(10 mg/kg); d, nicotinic acid (28 mg/kg); e, biotin (036 mg/ 
kg); f, vitamin B 12 (0-18 mg/kg); g, inositol (04 g/kg); h, 
choline (3-1 g/kg); i, thiamin (36 mg/kg); j, pyridoxine (7 mg/ 
kg); k, ascorbic acid (50 mg/kg) 
030 mg/kg eliminated mortality and also gave a 
significant growth response. 
Biotin assay of diet 1 showed that it contained 
0097 mg/kg. The isolated soy protein was found to 
contain 0130 mg/kg. Using the data of Anderson 
and Warnick (1970), it was calculated that diets 
1 and 30 contained about 0060 and 0067 mg avail-
able biotin/kg respectively. 
TABLE 3: FLKS mortality and live-weight of female chicks fed graded levels 
of biotin (experiment B) 
Diet 	 1 	25 	26 	27 	28 	29 	30 	31 	32 
Supplemental 
biotin (mg/kg) 	0 	002 0-05 010 0.15 030 	0 	0-02 030 
FLKS 
mortality 
(Ito 43d) (%) 28-3 	7-8 	28 	II 	0 	0 	10-6 	2-8 	0 
Live-weight at 
28 d (g) 	455a 480b 485bc 495c 497c 489bc 584d 590de 605e 
* Live-weights with the same postscript were not significantly different 
(P = 0-05). 




Mortality and live-weight data for the experiment 
are given in Table 4. There was very high mortality 
(56 per cent) among birds in control group A. 
Mortality in other groups was dependent on level 
of supplemental biotin and continued to fall signifi-
cantly with increasing increments of biotin up to .a 
supplemental level of 009 mg/kg. Within a particu-
lar level, there were no significantly beneficial 
effects of continuing the supplementation beyond 
five weeks of age in the case of the 003 mg/kg 
level, or beyond two weeks in the cases of the 006 
and 009 mg/kg levels. 
The total biotin content of diet I was found to be 
about 010 mg/kg, but it was calculated that only 
about 006 mg/kg was available to the chick. This is 
less than the levels of 009 mg/kg, recommended by 
the National Research Council (1971), and 015 
mg/kg, estimated by Anderson and Warnick (1970) 
to be the requirement of the chick, but nevertheless 
no obvious signs of classical biotin deficiency, such 
as dermatitis or perosis, were observed among birds 
fed diet 1. The supplemental biotin level used to 
prevent FLKS in experiment A was high, 036 mg/kg, 
and the response in mortality to graded levels of 
supplement was studied in experiments B and C. 
TABLE 4: FLKS mortality and live-weight of female chicks fed graded levels of biotin (experiment C) 
Group 
Levels of supplemental 
biotin (mg/kg) 
0-15d 	15-36d 	36-57d 
FLKS mortality (%) 
0-15d 	16-36d 	37-57d Total 
Live-weight (g) 
15d 	36d 	57d 
A 0 0 0 06 144 417 556 277 916 1618 
B 003 003 0 0 133 83 216 285 961 1708 
C 003 003 003 0 106 89 194 286 922 1655 
D 006 0 0 006 39 06 50 303 993 1774 
E 006 006 0 II 22 06 39 293 1023 1728 
F 006 006 006 0 17 22 39 287 995 1753 
G 009 0 0 06 0 II 17 287 974 1684 
H 009 009 0 06 0 0 06 289 924 1729 
I 009 009 009 0 II 0 11 293 990 1750 
J 012 . 0 0 0 0 06 06 291 983 1727 
There was also a statistically significant response 
of live-weight to biotin supplementation (P<005). 
Maximum response was achieved with a level of 006 
mg/kg and, as with mortality, there was no beneficial 
effect of continuing the supplementation beyond 
two weeks of age. 
Discussion 
Feeding a low-protein, low-fat diet (diet 1) re-
suited in high mortality from FLKS thereby con-
firming the results of previous experiments (White-
head and Blair, 1975; Blair et a! 1975; Whitehead 
et a! 1975). Supplementation of this diet with a 
mixture of vitamins had previously been found to 
prevent FLKS (Whitehead et a! 1975) and in experi-
ment A this effect was found to be due to biotin 
alone. Experiments B and C confirmed that dietary 
supplementation with biotin is effective in preventing 
FLKS and this nutritional finding is consistent with 
biochemical observations that a major abnormality 
in affected birds is a lack of hepatic gluconeogenesis, 
and that a partial restoration of Iluconeogenesis 
in vitro and in vivo can be obtained by addition of 
biotin (Bannister 1976; Bannister et a! 1975). The 
results are also consistent with the suggestions of 
Payne et a! (1973). 
In experiment B, diet 1 caused 28 per cent morta-
lity from FLKS and the addition of biotin to this 
diet resulted in the complete prevention of the syn-
drome. The relationship between supplemental 
level and mortality was non-linear and the lowest 
level of biotin found to prevent the syndrome 
corresponded to a total available biotin level of 
about 020 mg/kg. Mortality with diet 30 (11 per 
cent) was less than with diet 1, mainly because of 
the higher protein content of diet 30. Compared 
with diet 1, diet 30 required a much lower level of 
supplemental biotin to reduce mortality to low levels 
and it was calculated that a total dietary level of 
about 012 mg available biotin/kg would have been 
sufficient to prevent mortality. It is thus apparent that 
there is no specific dietary level of biotin required to 
prevent FLKS; the requirement for biotin can be 
affected by the other facts which affect mortality, in 
this case protein level. 
Experiment C studied the effects of level and 
period of biotin supplementation under more prac-
tical conditions. Although the diets were thought 
to be adequate in all respects save biotin, mortality 
among birds fed the unsüpplemented diets through-
out (56 per cent) was much higher than had been 
found on previous occasions when feeding low-
protein diets. It was thought that this difference 
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might have been due to the diets in this experiment 
having been pelleted, since this has been found to 
increase considerably the incidence of FLKS 
(Blair et a! 1975). An unusual feature in experiment 
C was the abnormally high mortality during the 
five- to eight-week stage. However, 25 per cent of 
the mortality during this period occurred on day 37, 
the day after the birds had been weighed. The sharp 
increases in mortality after weighing that have been 
noted in this and other experiments (Whitehead and 
Blair 1974) are consistent with the conclusions of 
Whitehead et a! (1975) that stress is a factor in 
FLKS. 
Mortality from FLKS during the first two weeks 
period in experiment C was small and not related 
to biotin level. However, during the rest of the experi-
ment mortality was highly dependent upon the 
supplemental biotin level. A supplemental level of 
009 mg/kg was effective in reducing mortality from 
55 to I per cent. However, at the 003, 006 and 009 
mg/kg levels there was no beneficial effect from 
continuing supplementation beyond five weeks or 
after two weeks of age when the supplemental 
levels were 006 and 009 mg/kg. These data suggest 
that the level of biotin intake during the first few 
weeks of the bird's life can be of considerable import-
ance in determining its resistance to FLKS, although 
the design of the experiment gave no information on 
the effects of supplementation at a later period only. 
In all three experiments there was a significant 
growth response to biotin supplementation. In 
experiments B and C, maximum growth was ob-
tained with dietary levels of available biotin approxi-
mating to the level of 015 mg/kg which was found 
by Anderson and Warnick (1970) to be the require-
ment of the chick. However, in both experiments 
the supplemental level of biotin necessary to prevent 
FLKS was higher than that required to attain 
maximum growth rate. 
Although the diets fed in the experiments were 
based mainly on practical ingredients, they con-
tained low levels of biotin. However, birds fed these 
diets showed no obvious signs of classical biotin 
deficiency. Indeed, biotin deficiency is seldom seen 
in commercial flocks in the UK and, as a result, 
practical broiler rations are rarely supplemented 
with biotin, even though it has been shown that 
broiler rations based on cereals of low biotin con-
tent, such as wheat, and animal proteins can con-
tain sub-optimal levels of biotin (Anderson and 
Warnick 1970). Reports from industry have fre-
quently associated FLKS with diets containing high 
proportions of wheat and it is likely, therefore, that 
the FLKS that occurs in industry, like the experi-
mentally induced syndrome, is associated with diets  
of poor biotin status. The present data show that an 
adequate dietary biotin level, particularly in starter 
rations, can minimise problems from FLKS and 
also give improvements in growth performance. 
Where FLKS occurs, the supplemental biotin levels 
required under most practical conditions to prevent 
the syndrome are probably in the range of 005 to 
010 mg/kg, although under certain circumstances 
larger supplements may be required. 
Although FLKS is associated with low-biotin 
diets and can be prevented by biotin supplementation 
there is as yet no evidence that it is caused by an 
uncomplicated biotin deficiency. A recent rein-
vestigation using a high-fat purified diet supplemen-
ted with graded levels of biotin has confirmed that 
the main effects of a biotin deficiency are dermal 
abnormalities; fatty infiltration of tissues typical 
of FLKS was not observed (Whitehead et a! 1974b). 
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The involvement of further nutritional factors in the 
fatty liver and kidney syndrome in chicks 
C. C. WHITEHEAD AND R. BLAIR 
Agricultural Research Council's Poultry Research Centre, 
West Mains Road, Edinburgh 
36 
Supplementing chick diets causing fatty liver and 
kidney syndrome (FLKS) with a wide range of 
minerals or with antibiotics did not affect mortality 
significantly but supplements of isolated soy protein or 
a mixture of crystalline amino acids were both equally 
effective in reducing mortality. Biotin supplementation 
of the parent flock diet reduced subsequent mortality 
among the progeny by 30 per cent. Data on the 
age-distribution of the syndrome and the general 
conclusions from a whole series of experiments are 
presented. 
IN THE COURSE of a series of experiments on the 
causes of the fatty liver and kidney syndrome 
(FLKS) in young broilers it was found that the con-
dition could be prevented by supplementing the 
chicks' diet with biotin, although other nutritional, 
environmental and husbandry factors can also be 
involved (Whitehead and Blair 1974; Blair eta/1975;   
Whitehead et a/ 1974; Whitehead et al 1975, 1976b). 
Continuing the series, the possible involvement of 
further nutritional factors was studied. 
The paper also presents data on the age-distribu-
tion of the syndrome and assesses the main findings 
of the whole series of experiments to date. 
Materials and methods 
Husbandry 
All experiments started with 45 female Ross I 
broilers in each deep-litter pen. Normal house tem-
peratures were maintained throughout and both food 
and water were freely available. The lighting pro-
gramme allowed 1 h of darkness during the night. All 
birds that died were sent to the Ministry of Agricul-
ture, Fisheries and Food Veterinary Laboratory, 
Lasswade, for post mortem examination. 
Experiment I—The effect of mineral supplementation 
of the diet 
Two diets were each fed as mash to two pens of 
chicks from day old until 56 days of age. Diet I (com-
position given in Table I) was that which in pre- 
vi3us experiments caused high mortality from 
FLKS and the supplemented diet was obtained from 
it by the addition of a mixture containing the follow-
ing elements: boron, cobalt, copper, iodine, iron, 
magnesium, manganese, molybdenum, selenium and 
zinc. The composition of this mixture is given in 
Table 2. The birds were weighed at five and again at 
eight weeks of age when the experiment finished. 
Experiment 2—Effect of supplementing the diet with 
antibiOtics 
There were three treatment groups, each com-
prising four pens of birds. Basal diets 3, 4 and 5 
were fed during the 0- to 2-, 2- to 5- and 5- to 8-week 
periods respectively to one group. The other two 
groups were fed the basal diets supplemented with 
either I mg meonomycin per kg or with 10 mg zinc 
bacitracin and 5 mg virginiamycin per kg. All birds 
were weighed at two, five and eight weeks of age. 
Experiment 3—The effects of protein versus amino 
acid supplementation 
Diets 1, 2 and 6 were each fed to four pens of 
birds. The difference in protein level between diets 1 
(18 per cent CP) and 2(22 per cent CP) was made up 
of isolated soy protein (Promine D), found by micro-
biological assay to contain 0130 mg biotin per kg, 
added at the expense of starch. Diet 6 was the same 
as diet 2 except that 4 per cent 'crude protein' was 
composed of a mixture of crystalline amino acids 
with composition very similar to that of the isolated 
soy protein. Thus all diets were isoenergetic but 
diets I and 6 had the same biotin content whereas 
diets 2 and 6 had the same total 'protein' and amino 
acid content. Each diet was fed as mash from day old 
until 56 days of age. All birds were weighed at four 
and eight weeks of age. 
Experiment 4—The effect of biotin-supplenientation 
of the parent flock diet 
Two groups of Ross I breeders each of 80 birds 
were fed from 22 to 26 weeks of age either diet 7, 
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TABLE 1: Composition of experimental diets 
Ingredient 1 2 
Diet (parts by weight) 
3 	4 	5 6 7 
Wheat 65 65 65 65 65 65 20 
Barley 25 
Maize 25 
Soybean (44-5°/ CP) 10 10 10 10 10 10 105 
Herring 6-3 63 6-3 6-3 63 6-3 5-1 
Dried grass 2-0 
Sawdust 4-5 45 4.5 
Maize oil 0-15 0-15 3 3 3 0-15 
Maize starch 12-5 75 2-5 5 8-5 
Isolated soy protein* 3-1 81 8-1 56 31 3-1 
Amino acid mixturet 4 
Dried brewers' yeast 3-3 
Salt 02 01 01 0-15 02 0-2 0-2 
Limestone flour 16 16 1-6 16 16 1-6 70 
Dicalcium phosphate 1-15 1-15 1-15 1-15 115 115 1-4 
Mineral supplement 0-25 0-25 025 0-25 025 025 025 
Vitamin supplement 0-25 025 025 025 025 025 025 
Analyses 
Calculated 
Crude protein (%) 18 22 22 20 18 22 16 
Ether extract 20 20 5-0 5-0 50 2-0 25 
Found 
Crude protein (%N x 6.25) 183 22-1 23-5 209 189 218 16-3 
Ether extract (%) 21 21 53 49 50 2-3 2-6 
* Promine D (Oppenheimer Casing Co, Edinburgh) 
t Composition of amino acid mixture (parts by weight): L-lysine monohydrochloride, 6-I; L-histidine, 24; 
L-arginine hydrochloride, 7-7; L-aspartic acid, 119; L-threonine, 37; L-serine, 5-4; L-glutaniic acid, 20-4; 
L-proline, 4-4; glycine, 40; L-alanine, 3-8; L-cystine, Ii; L-valine, 51; DL-methionine, I-i; L-isoleucine, 
5-1; L-leucine, 7-7; L-tyrosine, 3-7; L-phenylalanine, 5-3; L-tryptophane, 1-1 
Supplied per kg diet: 3-5 mg Cu, 0-4 mg 1, 80 mg Fe, 300 mg Mg, 100 mg Mn and 50 mg Zn 
§ Supplied per kg (diets 1-6): 2000 iu vitamin A, 600 iu vitamin D 3 , 25 mg vitamin E, 1-3 mg menaphthone, 
4 mg riboflavin, 28 mg nicotinic acid, 10 mg pantothenic acid and 500 mg Zoamix (25% Zoalene), Dow 
Chemical Co (UK) Ltd, King's Lynn, Norfolk. The supplement for diet 7 was similar except that it supplied 
6000 iu vitamin A and 800 iu vitamin D 3 
which by calculation contained about 0-14 mg TABLE 2: Effect of dietary supplementation with minerals 
available biotin per kg, or diet 7 supplemented with of FLKS mortality and live-weight at 56d 
0•40 mg biotin per kg. Eggs were then collected over 	Diet 	 Mortality (%) Live-weight (kg) 
a 10-day period and set in a Secura F102/4 incubator. 
Upon hatching, the chicks were accommodated I 	 433 	 1-42 
in 16 pens, eight for each parental group. Diets I and 1 + supplement* 	 51-1 1-42 
2 were each supplied, in mash form, to four pens * Supplement provided per kg diet: CuSO 4 .5H 20, 15 mg; 
from each parental group from day old until 56 days K 1031 0-6 mg; FeSO 4 .7H20, 0-25 g; MgCO3 , 1-2 g; MnCO3 , 
of age. The birds were weighed at four and eight 0-09 g; ZnO, 25 mg; H 3B03 , 9 mg; CoSO 4 .7H 20 1  1 mg; 
weeks. 
Na2M004.2H20, 2-5 mg; Na 2SeO31  0-3 mg 
experiment 1, presumably because the diets con- 
Results 	 tamed higher fat and protein levels. Mortalities on 
both antibiotic-supplemented diets were higher than 
Experiment i 	 on the control diet, although the differences were 
The results are given in Table 2. High mortality not significant (P>0-1). Both antibiotic treatments 
from FLKS occurred on both diets and there was no resulted in a significant (0-1> P> 0-05) growth im-
beneficial effect from supplementing diet 1 with the provement at eight weeks. 
wide range of elements. 
Experiment 3 
Experiment 2 FLKS mortality up to eight weeks was 28-3 per 
Mortality (Table 3) was much lower than in cent on diet I. Supplementation of this diet with 
Nutritional factors in FLKS 
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TABLE 3: Effect of dietary supplementation with antibiotic 
on FLKS mortality and live-weight at 56d 
	
Mortality 	Live-weight 
Diet 	 (%) (kg) 
Basal* 	 17 	162 
Basal plus 
I mg meonomycint/kg 	 22 	I 68 
Basal plus 
10 mg zinc bacitracin 	 22 	I 68 
and 5 mg virginiamycin/kg 
* Basal diets were diets 3, 4 and 5 (Table I) fed from weeks 
0 to 2, 2 to S and 5 to 8 respectively 
t Flavomycin; Hoechst Chemicals Ltd, Hoechst House, Kew 
Bridge, Brentford, Middlesex, England 
§ A.L. Zinc Bacitracin; A/S Apothekernes Laboratorium for 
Specialpraepa rater, Harbitzallee 3, Postboks 158, Skøyen, 
Oslo 2, Norway 
§ Eskalin; Smith Kline & French Laboratories Ltd, Animal 
Health Division, Welwyn Garden City, Herts, England 
either isolated soy protein (diet 2) or crystalline 
amino acids (diet 6) significantly reduced mortality 
to 106 or 78 per cent respectively. The mortality 
difference between diets 2 and 6 was not significant 
(P> 005). 
Experiment 4 
FLKS mortality on diet 1 up to eightweeks of age 
was 222 and 283 per cent among chicks from 
parents fed the supplemented and unsupplemented 
breeders' diets respectively. In chicks fed diet 2, 
those from supplemented and unsupplemented 
parents experienced 62 and 106 per cent mortality 
respectively. For both chick diets, the effect of sup-
plementation of the breeders' diet was significant 
(P < 005). 
The overall pattern of mortality (Fig 1) was also 
S-• Offspring of hens fed normal diet 
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FIG 1: The effect of biotin supplementation of a breeder diet 
on the subsequent occurrence of FLKS among the progeny 
affected by the parent flock diet. Mortality started at 
about the same time (on days 16 to 17) among chicks 
from both parental groups, but mortality up to 28 
days was very much higher among the progeny of 
the unsupplemented hens. After 28 days, mortality 
was similar in the two groups. 
Age-distribution of FLKS 
The overall pattern of mortality in all large-scale 
experiments on FLKS at the Poultry Research Centre 
(PRC) in which significant mortality occurred is 
given in Fig 2. The data represent 2600 birds diag-
nosed as having died from FLKS during experiments 












Age of birds (d) 
FIG 2: The age-distribution of FLKS over a series of 
experiments 
The earliest age at which FLKS was diagnosed 
was seven days, but in most experiments mortality 
started at about 11 days of age. All the experiments 
terminated at 56 days of age and deaths occurred up 
to this time. Over all the experiments, peak mortality 
occurred at 29 to 30 days of age, but in individual 
experiments it varied from day 22 to day 38. Smaller 
peaks in mean mortality occurred at about 23 and 37 
days of age. 
Since the experiments started on different days of 
the week, this apparent weekly fluctuation in 
mortality was not related to the day of the week. 
Nor was it related entirely to live-weight recording 
days. In most experiments the birds were weighed at 
four weeks of age and the main mortality peak may 
be associated with this procedure, since stress can be 
involved in FLKS (Whitehead et a! 1975). However, 
in one experiment the birds were weighed at three 
weeks and in two experiments they were weighed at 
five weeks, and removal of these data from the 
analysis did not alter the pattern significantly. One 
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routine common to all experiments was a weekly 
recording of food consumption. The procedure 
involved the removal of the food trough from the pen 
in order to weigh it and refill it with food. On 
average, the food trough would have been out of the 
pen for between 15 and 30 mm, but whether this 
short deprivation of food or the stress involved in 
the procedure was responsible for the mortality 
peaks is not entirely certain, since in individual 
experiments the peaks did not always occur at pre-
cisely seven-day intervals. However, the pattern does 
suggest that an environmental factor such as this 
may be involved. 
Discussion 
Under the conditions used at the PRC, FLKS was 
found to be a highly reproducible condition. Diet I 
was fed in large-scale broiler experiments on eight 
separate occasions over a period of two and a half 
years and on each occasion caused high mortality 
(mean 27 per cent, range 19 to 43 per cent). The 
different aspects of this diet studied in a series of 
experiments were energy and protein levels, fat level 
and type and cereal type. The diet was also supple-
mented with methionine, vitamins and, in the 
experiments reported in this paper, with minerals, 
antibiotics and different types of 'protein'. 
Three nutritional factors have been found to be 
involved in FLKS, namely protein, fat and vitamins. 
In an early study, increasing the protein content of a 
diet by altering the proportions of practical ingre-
dients or adding isolated soy protein reduced 
mortality (Whitehead and Blair 1974). In the light 
of subsequent findings that biotin was involved in 
FLKS (Whitehead et a! 1976b), it was realised that 
the biotin contents of these diets would also have 
varied to a small extent. However, the results of the 
present studies confirm that the effect of isolated soy 
protein in reducing mortality is attributable mainly 
to its amino acid content rather than to its low 
biotin content. Mortality could also be reduced by 
increasing the fat content of the diet (Blair eta! 1975) 
and this effect did not appear to be attributable to 
any particular constituent of the fat (Whitehead et a! 
1975). The involvement of the third nutritional factor 
was discovered when supplementation of diet 1 with 
a mixture of vitamins virtually eliminated mortality 
(Whitehead et a! 1975). This effect was subsequently 
found to be due entirely to biotin and further studies 
suggested that supplementing practical diets causing 
FLKS with 005 to 010 mg biotin per kg should, 
under most circumstances, prevent the syndrome 
(Whitehead et a! 1976b). Other workers have re-
ported similar findings (Payne et al 1974). 
The effect of supplementing a breeder diet with 
the vitamin resulted in a reduction of about 30 per  
cent in mortality among the progeny when they were 
fed diets causing FLKS, the whole of this reduction 
occurring during the early part of the experiment. 
Supplementing breeders' diets with biotin above the 
normally accepted requirement level of 015 mg/kg 
(NRC 1971) therefore does not appear to be a means 
of preventing FLKS completely in chicks, although 
it may be more effective when the chicks run the risk 
of FLKS early in life. 
The mechanism of FLKS is not yet completely 
understood, but a major factor is hypoglycaemia 
brought about by a failure of hepatic gluconeo-
genesis (Bannister et a! 1975). Biotin is a cofactor in 
gluconeogenesis and addition of biotin has been 
found, both in vivo and in vitro, to restore gluconeo-
genesis in livers from birds affected with FLKS 
(Bannister 1976; Bannister et al 1975). Biotin is thus 
the most important nutritional factor in FLKS 
because in the presence of an adequate supply of 
biotin the failure of gluconeogenesis crucial to the 
development of FLKS is unlikely to occur. Low 
dietary fat and protein levels both result in increased 
rates of lipogenesis, in which biotin is also a cofactor. 
It has therefore been speculated that, in cases where 
biotin is marginal, low fat or protein levels in the 
diet may result in little free biotin being available for 
gluconeogenesis when it is required (Whitehead et a! 
1976a). 
Although a failure of hepatic gluconeogenesis 
undoubtedly permits the syndrome to develop, it 
may not be the initial cause. Other factors have also 
been found to be involved in FLKS, such as house 
temperature (Whitehead and Blair 1974), stress, type 
of floor and starvation (Whitehead et a! 1975) and 
form of diet (Blair et a! 1975). Some of these factors 
may be explained in terms of biotin, viz wire floors 
denying birds access to biotin in droppings and 
pelleting of the diet affecting its biotin content or 
availability. However, other factors, such as stress, 
may be involved in the initiation of the syndrome. 
FLKS thus appears to be a complex metabolic 
disorder in which nutritional factors are primarily 
responsible for rendering the bird susceptible to the 
condition but in which the sudden onset of the 
syndrome may be initiated by environmental factors. 
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Interrelationships between biotin, choline and other B-vitamins and 
the occurrence of fatty liver and kidney syndrome and sudden death 
syndrome in broiler chickens 
By C. C. WHITEHEAD 
Agricultural Research Council's Poultry Research Centre, Roslin, Midlothian EH25 9PS 
AND C. J. RANDALL 
Ministry of Agriculture, Fisheries and Food, Veterinary Laboratory, Lass wade, 
Midlothian EHI8 IHU 
(Received 15 December 1981 - Accepted 12 March 1982) 
Addition of supplemental choline to a biotin-deficient diet decreased the biotin status of chicks and increased 
mortality from fatty liver and kidney syndrome (FLKS). 
Mortality was also increased by dietary supplementation with a mixture of other 13-vitamins, excluding biotin, 
and was highest when the choline and B-vitamin supplements were combined. 
The occurrence of sudden death syndrome (SDS) was unaffected by dietary biotin concentration. 
A previously unreported condition was observed in which birds died showing post-mortem signs characteristic 
of both FLKS and SDS and whose occurrence was related to the biotin status of the chicks. 
Interactions between many vitamins have been reported which can influence the course of 
metabolic abnormalities and deficiency conditions. However, few instances of interrelation-
ships between biotin and other B-vitamins have been reported. In an earlier experiment 
to demonstrate the involvement of vitamins in fatty liver and kidney syndrome (FLKS) 
Whitehead et al. (1976) found that, although biotin was specifically involved in preventing 
the syndrome, multivitamin supplements not containing biotin appeared to increase 
mortality. Mortality was especially high when the supplements contained choline and 
cyanocobalamin. 
Since the extent of replication in that study was low, the effects of vitamins other than 
biotin on the occurrence of FLKS were reinvestigated. The first experiment confirmed the 
effect of choline and a second was therefore carried out to determine whether choline was 
affecting the biotin content of the diet or biotin metabolism in the bird. 
In the course of the first experiment, a large number of birds died showing signs of both 
FLKS and sudden death syndrome (SDS). The aetiology of SDS, sometimes known as acute 
death syndrome (ADS) or flip-over disease, is unknown, but Hulan et al. (1980) have 
suggested that vitamins including biotin riay, be involved in its prevention. The condition 
has not been reported previously in conjunction with FLKS, hence a more detailed 
examination was made of birds dying in the second experiment. Results are also presented 
from two growth trials involving biotin, one of which was carried out in conjunction with 
Expt 1, in which mortality from FLKS or SDS or both was observed. 
MATERIALS AND METHODS 
Husbandry 
The birds used were Ross broilers obtained as 1-d-old chicks from a commercial hatchery 
(Ross Poultry Ltd, Inverurie AB5 9JE). They were housed in floor pens (372 m 2), forty-five 
birds/pen, containing a deep litter of white-wood shavings. They were reared under normal 
conditions of lighting (1 h darkness/d) and temperature and had free access to food and 
water at all times. 
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Table 1. Compositions (g/kg) of basal diets 
Diet 
Ingredient 	 1 	2 
Wheat 644 750 
Soya-bean meal (445 g CP/kg) 80 - 
Herring meal 60 120 
Isolated soya-bean p rotein * 50 60 
Maize starch 125 - 
Vegetable oil - 30 
Limestone flour 12 16 
Dicalcium phosphate 18 15 
Salt 2 2 
Methionine 2 3 
Lysine 2 - 
Vitamin and mineral supplementt 5 5 
Measured analytical composition 
ci 	 185 	227 
Diethyl ether extract 	 18 54 
Total biotin (pg/kg) 96 	98 
CP, crude protein (nitrogen x 6.25). 
FPD 950; Food Production Developments, 320 Kilburn Road, London. 
t Supplied (/kg diet): retinol 20 mg, cholecalciferol 20 /zg, -tocophero1 17 mg, menaphthone 13 mg, riboflavin 
4 mg, nicotinic acid 28 mg, pantothenic acid 10 mg, copper 35 mg, iodide 04 mg, iron 80 mg, magnesium 300 mg, 
manganese 100 mg, zinc 50 mg. 
Diets 
The compositions of the basal diets are given in Table 1. Both diets were based on wheat 
to give them low available biotin contents but diet 1 had a lower protein level (180 g crude 
protein (nitrogen x 6.25)/kg) in order to induce a high level of mortality from FLKS (Blair 
et al. 1975) whereas diet 2 was thought to contain adequate amounts of all nutrients except 
biotin. Both diets contained similar amounts of total and available biotin. The experimental 
diets were obtained by supplementing the basal diets with additional vitamins in the 
amounts given in Tables 2 and 3. Choline was provided as the chloride absorbed on silica 
(1:1, w/w). 
Post-mortem examinations 
All birds that died in the experiments were examined post mortem. FLKS was diagnosed 
on the basis of the gross changes (Wight & Siller, 1975) and SDS according to the description 
of Brigden & Riddell (1975). 
Procedure 
Expi 1. The experiment was designed in two parts. The first investigated whether the adverse 
effect on FLKS mortality of a multivitamin supplement was attributable to choline or 
cyanocobalamin. The basal diet was diet 1 and four other diets were obtained by 
supplementing it with choline, cyanocobalamin, choline plus cyanocobalamin or these two 
vitamins plus thiamin, riboflavin, folic acid, nicotinic acid and pantothenic acid. Pyridoxine 
was omitted from the supplements because it was not implicated by the earlier results 
(Whitehead et al. 1976). Each diet was fed to four pens of females since these are usually 
more susceptible to FLKS (Whitehead et al. 1975). 
The second part was an unrelated growth trial and involved feeding seven diets based 
on diet 2 supplemented with graded amounts of biotin, each to four pens of males. 
Expt 2. This experiment was designed to reinvestigate the effects observed in Expt 1. The 
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basal diet was diet I and six other diets were obtained by adding biotin, choline or a 
multivitamin supplement containing thiamin, riboflavin, folic acid, nicotinic acid, panto-
thenic acid and cyanocobalamin as shown in Table 3. Each diet was fed to three pens of 
males and three of females. 
At 3 weeks of age, blood pyruvate carboxylase (pyruvate: carbon-di oxide ligase (ADP-
forming), EC 6.4. 1 . I; PC) activities were measured in twenty females from each of the 
diets supplemented with biotin, choline or biotin plus choline as well as from the basal diet. 
Enzyme activities with the other treatments were not measured for reasons of time. All birds 
were weighed at 4 weeks of age. 
Expt 3. This was an experiment on biotin requirements for which growth results have 
been published (Whitehead & Bannister, 1978). Four pens of in received each of the 
diets which were based on diet 2 and contained graded amounts of supplemental biotin. 
Biochemical methods 
Blood PC activity was measured by the method of Bannister & Whitehead (1976). 
Biotin contents of all diets were measured microbiologically by a method based on that 
of Wright & Skeggs (1944). 
Plasma glucose was measured by the method of Morley et al. (1968). 
Histological methods 
Blocks of liver, heart, kidney and lung were obtained post mortem from all birds in which 
SDS or combined SDS-FLKS were suspected. These were fixed in neutral buffered formalin 
and processed routinely for paraffin embedding. Sections were cut at 5 4um and stained with 
haematoxylin and eosin (H & E). Duplicate blocks of tissue were also fixed in formalin for 
the preparation of frozen sections, which were stained with Oil Red 0. 
Diagnosis of disease states 
Diagnosis of FLKS. FLKS in Expt I was diagnosed on the basis of the characteristic gross 
appearance of birds. In Expt 2, histological examination of birds with this appearance 
confirmed that extensive fatty infiltration was present in liver, kidney and heart tissues. In 
some birds, fat droplets were also observed in epithelial cells lining the air capillaries and 
in the interstitium of the lung. Plasma glucose measurements from birds showing clinical 
signs typical of FLKS confirmed a severe hypoglycaemia: mean concentration was 37 
1umol/ml compared with 119 1amol/ml for healthy birds. 
Diagnosis of SDS. Birds diagnosed as having died from SDS had a gross appearance very 
similar to that described by Brigden & Riddell (1975) in that they had died in good bodily 
condition with digestive tracks full of food and showed a marked pulmonary congestion 
and oedema. 
Diagnosis of FLKS combined with SDS. Birds diagnosed as having died from the 
combined effects of FLKS and SDS showed abnormalities characteristic of both syndromes 
at post-mortem examination. Livers and kidneys were pale and swollen and there was mild 
to severe bilateral congestion and oedema of lungs. Histological examination of frozen 
sections of tissues from twenty-one birds in Expt 2 confirmed that fatty infiltration was 
always present in liver and heart but sometimes the kidney was only mildly affected. Small 
amounts of fat were also seen in some lungs. H & E-stained sections confirmed the presence 
of pulmonary congestion and oedema. Lipid droplets were occasionally observed in the 
oedematous fluid that was present in airways. Haemorrhage was present in the mucosa of 
the secondary bronchi in three broilers. 
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Table 2. Expts 1 and 3. Mortality from fatty liver and kidney syndrome (FLKS) and sudden 
death syndrome (SDS) in male andfemale broilers given low-biotin diets containing additional 
supplements of vitamins 
No. of deaths up to 8 weeks 
Expt 	Basal 	Additional supplemental 	No. of 	FLKS FLKS Total 	SDS 
No. diet vitamins* 	 birds Sex 	alone ±SDS FLKS alone 
1 None 180 39 3 42 
1 Choline + cyanocobalamin 180 41 28 69 0 
+ multivitamins 
1 Choline 180 38 22 60 
I Cyanocobalamin 180 36 2 38 0 
1 Choline + cyanocobalamin 180 48 2 50 0 
2 Biotin (jug/kg): 	70 180 3 1 4 1 
2 100 180 ' 4 2 6 0 
2 120 180 3 3 6 
2 140 180 , 2 0 2 0 
2 160 180 .2 0 2 
2 180 180 3 0 3 
2 300 180 1 0 I 2 
3 	2 None 180 5 0 5 
2 Biotin (#g/kg): 	40 180 4 0 4 0 
2 80 180 1 0 1 0 
2 100 180 1 0 1 1 
2 130 180 1 0 1 I 
2 200 180 1 0 1 1 
2 500 180 0 0 0 0 
Supplied (/kg diet): choline 31 g, cyanocobalamin 0- 14 mg and, by multivitamin supplement, thiamin 35 mg, 
riboflavin 4 mg, folic acid 21 mg, pantothenic acid 10 mg, nicotinic acid 28 mg. 
RESULTS 
Expt 1. The results of this experiment are summarized in Table 2. Mortality from FLKS 
(whether or not accompanied by SDS) was high on all diets not supplemented with biotin. 
Addition of cyanocobalamin to basal diet 1 had no effect on mortality but x2  analysis showed 
that the addition of choline significantly (P <005) increased mortality. Mortality was 
elevated further, though not significantly, by combination of the choline and multivitamin 
supplements. Where biotin was added, the occurrence of FLK.S decreased in inverse relation 
to the supplemental amount. 
Eight cases of uncomplicated SDS occurred, but these were not related to dietary biotin 
content. In contrast, sixty-three cases of SDS occurred in conjunction with FLKS, fifty of 
which were on the diets supplemented with choline or choline plus all the other supplemental 
vitamins. 
Expt 2. Results from this experiment are given in Table 3. Analyses showed that the total 
biotin contents of the low-biotin diets were very similar and that the appropriate amounts 
of additional biotin had been added. The diets containing supplemental biotin resulted in 
significantly (P < 0.01) higher live weight at 4 weeks than with the basal diet whereas 
addition of choline or multivitamins or both significantly (P <005) depressed live weight. 
Blood PC activity was significantly (P <005) depressed when choline was added to the basal 
diet but was unaffected when it was added to the biotin-supplemented diet. 
Mortality from FLKS was twice as high in females as in males. x2 analysis showed it 
was increased significantly (P < 0.001) by the addition of choline. Addition of the 
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Table 3. Expt 2. Live weight, blood pyruvate carboxylase (pyruvate carbon dioxide ligase (ADP-
forming), EC 6.4. 1 1; PC) activity and mortality from fatty liver and kidney syndrome 
(FLKS) or sudden death syndrome (SDS) or both in male and female broilers given basal diet I 
supplemented with additional vitamins 
(Blood PC activities, expressed as nmol' 4CO3 incorporated/g haemoglobin per min at 38°, are means with their 
standard errors of measurements on twenty females) 
Dietary 	 Mean 	 No. of deaths up to 7 weeks 
Additional 	biotin live wt Blood PC 
supplemental content 	No. of at 4 weeks 	activity 	 FLKS FLKS Total 	SDS 
dietary vitamins (ug/kg) Sex birds 	(g) 	at 3 weeks alone 	j5 	FLKS alone 
None 96 d 135 691 2 1 3 
135 632 77a 8 4 12 0 
Mean 66211  Total 10 5 15 
Choline 93 135 672 10 2 12 0 
135 585 55b 21 2 	. 23 0 
Mean 629b Total 31 4 35 0 
Multivitamins 91 d' 135 661 6 1 7 0 
135 614 - 13 3 16 0 
Mean 638 bo Total 19 4 23 0 
Choline+multi- 94 3 135 654 12 5 17 0 
vitamins Y 135 595 - 28 7 • 	35 
Mean 625 1  Total 40 12 52 
Biotin 173 d 135 740 - 3 0 3 0 
135 677 97C 0 0 \0 0 
Mean 708 1  Total 3 0 3 0 
Biotin+choline 181 135 746 0 3 0 
135 699 98c 0 2 2 0 
Mean 723d Total 0 5 s\ 0 
Biotin+choline-f 194 3 135 726 0 2 2 \ 0 
multivitamins Y 135 701 - 0 0 0 0 
Mean 714d Total 0 2 2 0 
Pool standard 102 66 
error ofmean 
* Supplemental biotin concentration was 100 /zg/kg. For concentrations of other vitamins see Table 2. 
a, b, c, d, Values in the same vertical column that do not share a common superscript letter were significantly 
lifferent (P <005). 
multivitamin mixture to either the basal or choline-supplemented diet increased mortality 
significantly (P < 005). A low incidence of FLKS occurred with the biotin-supplemented 
diets but an adverse effect of other supplemental vitamins was not apparent. 
Eight birds that died were thought, on macroscopic appearance, to be uncomplicated 
cases of SDS. In only two of these, however, was fat absent in the frozen tissue sections; 
the remaining six had variable deposits of fine lipid droplets in the liver, heart, kidneys and 
lungs and were thus classified as having the combined condition. There was a high incidence 
of the latter in this experiment. It appeared equally in both sexes and, although its 
occurrence in relation to FLKS alone was variable, the highest incidence occurred with the 
diet also causing most FLKS. 
Expi 3. The incidence of FLKS was low in this experiment (Table 2) but the distribution 
appeared to be related to the biotin content of the diet. SDS was not observed in association 
with FLKS, but the four cases of typical SDS occurred on diets of widely differing biotin 
content. 
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DISCUSSION 
Mortality from FLKS was much lower with diets based on basal diet 2, as a result the higher 
protein and fat contents of this diet (Blair etal. 1975). The smaller differences in mortality 
with the same basal diet in different experiments were probably due to changes in the many 
nutritional and environmental factors known to influence the occurrence of the syndrome. 
However the results confirm previous observations (Whitehead et al. 1976) that the addition 
of extra quantities of B-vitamins to biotin-deficient diets has an adverse effect on biotin 
metabolism and the incidence of FLKS. The results from Expt I indicated that choline alone, 
though not cyanocobalamin, can increase mortality and also suggested that a mixture of 
other B-vitamins could enhance this effect when provided in conjunction with choline. These 
conclusions were supported by results from the more detailed investigation undertaken in 
Expt 2 where both choline and a multivitamin supplement separately increased mortality. 
Moreover, their effect was additive since mortality was significantly increased when choline 
was combined with the multivitamin supplement. 
These conclusions were supported by other criteria of biotin status. The biotin-deficient 
nature of basal diet I was confirmed by dietary biotin analysis and by the growth response 
in Expt 2 when supplemental biotin was added. However, addition of choline or a 
multivitamin supplement or both to the basal diet depressed growth of both sexes. 
Metabolic measurements also confirmed the adverse effect of additional choline in the basal 
diet since blood PC activity, shown by Whitehead & Bannister (1980) to be a good criterion 
of biotin status and requirement in broilers, was depressed significantly below the activity 
found in birds given the basal diet. 
The interaction between biotin and the other vitamins takes place in the birds rather than 
in the diets since the biotin contents of the diets, measured at the time they were fed, were 
unaffected by the presence of other vitamins. Thus biotin was not destroyed by choline which 
is a potentially caustic substance and is known to destabilize other vitamins, especially in 
the presence of moisture (Kläui, 1975). The interaction between the vitamins in the bird 
appeared to enhance the severity of the existing biotin deficiency rather than the absolute 
requirement. Thus growth rate and blood PC activity were decreased and FLKS mortality 
was increased by supplementation of the low biotin diet but these aspects were unaffected 
by the presence of other vitamins in the biotin-supplemented diets. Other instances of one 
vitamin enhancing the deficiency of another are known: in pigs, Cunha et al. (1948) found 
that the severity of biotin deficiency was increased by the provision of extra folic acid and 
cyanocobalamin. Interactions between the latter two vitamins and choline in methyl group 
metabolism are well documented but the relationship between biotin and choline or methyl 
group metabolism is obscure. However, the present results serve as a reminder that B-vitamin 
supplementation of poultry diets should be aimed at ensuring an adequate metabolic 
balance in the birds. 
The diagnostic basis for SDS is limited. However, the experimental cases closely 
resembled those submitted to the Veterinary Laboratory from local farms. Uncomplicated 
SDS occurred in all the experiments reported, although the incidences were rather low to 
allow firm conclusions to be drawn about nutritional involvement. However, no dietary 
trends were apparent. Mortality was not higher with the diets lacking supplemental biotin 
and, where graded levels of supplemental biotin were provided, there was no dose-response 
relationship. The provision of extra choline or other B-vitamins did not prevent the 
syndrome. There was thus no evidence that B-vitamins are directly involved in SDS. This 
conclusion is at variance with observations by Hulan et al. (1980) that biotin and other 
vitamins reduced mortality from SDS, although these authors did not find a relationship 
between mortality and the dietary level of any individual or mixture of vitamins. 
Vitamins, FLKS and SDS 	 183 
The combination of the signs of FLKS and SDS has not been reported previously, nor 
was it observed in earlier experiments at the Poultry Research Centre even when high 
incidences of FLKS were induced repeatedly (Whitehead & Blair, 1976). However, cases 
with the combined abnormalities have been submitted recently to the Veterinary Laboratory 
from local farms. 
Histological examination confirmed that changes typical of FLKS, such as fatty 
infiltration of liver, kidney and heart, were present although the extent of infiltration was 
usually not so severe as when signs of SDS were absent. Fatty infiltration in lung has not 
been reported previously in FLKS but was observed in some birds affected with either 
combined FLKS and SDS or FLKS alone. The abnormalities of SDS were similar to those 
seen in the uncomplicated condition, i.e. congestion and oedema of lungs and heart 
abnormalities although the congestion was often milder than in uncomplicated SDS. It is 
not possible at this stage to be certain that these abnormalities are attributable to SDS since 
the manner of death was not observed and the diagnosis of SDS is based on so few criteria. 
There is even doubt as to whether lung congestion and oedema occur at the time of death 
or post mortem (Riddell & Orr, 1980). Nevertheless we think that the abnormalities seen 
are consistent with the combined occurrence of the two syndromes. 
The occurrence of the combined syndrome was very variable but in general was related 
to the biotin content of the diet, as was FLKS. In view of the lack of association between 
SDS and biotin, it is likely that the combined condition is related more directly to FLKS 
than to biotin. The aetiology of FLKS is well understood and involves a failure of 
hepatic gluconeogenesis via pyruvate carboxylase caused by a lack of biotin. When the bird is 
stressed or fasted, limited reserves of glycogen are consumed and a hypoglycaemia develops 
which results in morbidity and death in a few hours. In response to the hypoglycaemia, fatty 
infiltration of tissues is thought to occur (for a review of the biochemical effects of FLKS, 
see Bannister, 1979). In view of the sudden nature of SDS, it is likely that in the combined 
condition the birds are affected initially with FLKS and subsequently develop SDS. The 
death of these birds before the full progression of FLKS occurred could explain why the 
post-mortem signs of FLKS were sometimes less severe than in birds dying from FLKS alone. 
Similarly, the presence of FLKS may have affected the post-mortem appearance of SDS, 
which was less striking than in birds that were diagnosed as having died from SDS alone. 
The apparent association between the two conditions suggests that an abnormality 
occurring as a result of FLKS may contribute to the initiation of SDS. If there is thus a causal 
relationship between FLKS and SDS, it follows that biotin, though not directly implicated 
in SDS, may nevertheless decrease the apparent incidence of sudden death by preventing 
FLKS. 
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Fatty Liver and Kidney Syndrome in Chicks. Effects on 
Liver and Kidney of Diets Causing the Syndrome 
C. C. WHITEHEAD, D. W. BANNISTER, R. BLAIR AND A. J. EVANS 
Agricultural Research Council's Poultry Research Centre, West Mains Road, Edinburgh 
SUMMARY. Chicks were fed one of 3  diets from day-old: (i) a normal starter diet; (ii) a low-
protein diet supplemented with O2% inethionine and (iii) a low-protein diet found in a previous 
experiment to cause high mortality from the fatty liver and kidney syndrome. At 2 weeks of age 
some birds were transferred from diet i to diets 2 or 3  and from diet 2 to diet 3.  During the i- to 
42-day period, mortality due to FLKS was 14% among birds fed diets 2 and/or 3  throughout, 
.6% among birds transferred to diets 2 or 3  from diet i and 0 among birds fed diet i throughout. 
Methionine supplementation had no beneficialffect. The liver and kidney lipid levels of 
apparently healthy birds fed diets 2 and 3  were not higher than those of birds fed diet I. This 
suggests that fat accumulation in these organs is not thrimary cause of the syndrome. 
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PREVIOUS REPORTS ON the nutritional involve-
ment in the fatty liver and kidney syndrome 
(FLKS) in broiler chickens have shown that the 
syndrome is associated with wheat-based diets 
having low protein levels (Blair et al., 1969; 
Husbands & Laursen-Jones, 1969). A recent 
study (Whitehead & Blair, 1974) has confirmed 
this association but shown also that FLKS is 
dependent upon dietary energy-to-protein 
ratio rather than on protein level per se, at 
least when the diets contain low fat levels. 
Chickens with FLKS show increases in the 
size and lipid contents of both livers and kid-
neys. Marion& Edwards (1962) found that low 
dietary protein levels increased both liver size 
and lipid content and that this effect was more 
pronounced when the diets had low fat con-
tents. The protein levels investigated, 15 and 
25%, were more extreme than those normally 
associated with high and low incidences of 
FLKS, namely 18 to 22% crude protein (White-
head & Blair, 1974). However, it is possible 
that the low protein diets issociated with FLKS 
cause the birds to have increased liver size and 
lipid content and that this results in the more 
susceptible birds developing FLKS. 
Fatty liver formation in rats is known to be. 
prevented by methionine (Maynard & Loosli, 
1969). An investigation by Blair et al. (rc) 
failed to implicate lipotropic agents, eg,  
methionine, choline, vitamin B 12 in FLKS, but 
mortality was low and the results were not 
clear cut. 
The object of the present investigation was to 
study the effect on liver and kidney size and 
lipid contents of a diet known to cause con-
siderable mortality from FLKS and also to 
investigate the possible beneficial effects of 
methionine supplementation and the initial 
feeding of a high protein diet on mortality from 
FLKS. 
MATERIALS AND METHODS 
Diets 
The compositions of the diets are given in Table I. 
Diet i was formulated to be a broiler starter diet 
adequate in all known nutrients. Diet 3  had a com-
position similar to one previously reported by 
Whitehead & Blair (1974) to give high mortality 
from FLKS (13%).  Diet 2 was derived from diet 3 
by supplementation with 02% methionine to give it 
a methionine level similar to that of diet i. The diets 
were fed in mash form and samples were taken 
during the experiment for mycological examination. 
Husbandry 
Sexed day-old Ross I broiler chicks obtained from 
a commercial hatchery were housed in 24 deep-
litter floor pens (3.72 in2), 45  birds of one sex per 
pen. Diets I, 2 and 3  were fed to 12, 8 and 4  pens 
respectively until the birds were 14 days old. Four 
22 
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TABLE I 
COMPOSITION OF DIETS 
Diet (parts by weight) 
I 	 2 	 3 
Ingredient 
Soybean (extr.) i - 40 4 - 0 
Spring beans - 18-o 18o 
Fish meal 13-6 - - 
Wheat 263 69-0 69-0 
Herring meal - 63 6-3 
Maize 394 - - 
DL methionine - 02 - 
Limestone 032 16 1-6 
Dicalcium phosphate - i•i 115 
Salt 02 02 02 
Vitamin/mineral supplement 0 - 5 0 - 5 0-5 
Analyses (determined) 
Crude protein (%) 225 18-0 18o 
Methionine (%) 0 - 41 0-47 0 - 25 
Cystine (%) 023 027 0 - 28 
Ether extract (%) 2 - 9 I9 Pg 
Calcium (%) 1'2 09 JO 
Metabolizable energy (MJ/kg) I255 11-92 11-92 
(calculated) 
pens were then transferred from diet i to each of 
diets 2 and 3,  and  4  pens were transferred from diet 2 
to diet 3.  The birds were weighed at 2 and 4  weeks 
and at these times 3  apparently healthy birds of 
below-average, average and above-average weight 
in each pen were killed and their livers and kidneys 
were taken for analysis. The experiment continued 
until the birds were 8 weeks old. Throughout the 
experiment the house temperature was kept 2 to 3°C 
above the normal recommended temperature, since 
this procedure has been shown by Whitehead & 
Blair (içr) to increase the incidence of FLKS. All 
birds that died were sent to the Ministry of Agri-
culture, Fisheries and Food Veterinary Laboratory, 
Lasswade for post-mortem examination. 
Methods 
Excised livers and kidneys were freeze-dried and 
stored at —io°C. Lipid contents were determined 
by the method of Foich et al. (is). The fungal 




During the experiment 90 birds (45d, 45) 
died from FLKS, an overall incidence of 8.3%. 
The first death occurred at io days of age and  
the last at 42 days, with peak mortality at 29 
days. The pattern of mortality is given in 
Table II. The few deaths which occurred before 
the dietary changeover at 2 weeks were evenly 
distributed among the 3  diets. Mortality from 
15 to 42 days showed a definite association with 
diet. No birds fed diet i died from FLKS. Mean 
mortality of birds that were fed diets 2 or 3 
throughout, or were transferred from diet 2 
to diet 3,  was 14%; analysis of mortality per 
pen showed that there was no significant 
difference between any of these 3  treatments. 
The mean mortality of birds fed diet i before 
transfer to diets 2 or 3  was 5.6% which was 
significantly lower (P <ooi) than the mort-
ality of birds initially fed diets 2 or 3.  It was 
noted that when birds were started on diet i 
and transferred to diets 2 or 3  the onset of 
mortality was delayed for JO to 14 days. There-
after all groups fed diets 2 or 3  suffered similar 
rates of mortality, irrespective of initial diet. 
Analytical Data 
Birds fed diet i grew faster than those fed 
diets 2 or 3.  There was no significant'Weight 
difference between birds fed the. latter diets. At 
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TABLE II 
MORTALITY FROM THE FATTY LIVER AND KIDNEY 
SYNDROME DURING THE 0- TO 14- AND 15- TO 42-DAY PERIODS 
O to  14 days 15 to 42 days 
No. of Initial diet Final diet 	No. of % 
Diet deaths (0 to 14 d) (15 to 42 d) 	deaths Mortality 
I 	2 I I 	 0 0 
I 2 II 65 
2 	2 I 3 	 8 47 
2 2 18 IO6 
3 	I 2 3 	26 55.3 
3 3 27 1519 
2 weeks of age the lipid contents of the livers 
or kidneys of birds fed any diet did not differ 
significantly (Table III). However, the livers 
and kidneys of birds fed diet 3  were larger than 
those of birds fed diets i or 2. At 4  weeks of age 
birds fed diet i throughout had the highest 
liver lipid levels whereas those initially fed 
diets 2 or 3  had the lowest levels (Table III). 
Birds transferred to diets 2 or 3  from diet i had 
intermediate values. Kidney lipid levels showed 
similar, though less marked, trends. Livers and 
kidneys of birds fed diets 2 or 3  were larger than 
those of birds fed diet i. There was no signifi-
cant within-group correlation between bird 
weight and liver or kidney size or lipid con-
centration. 
Mycological examination of the diets showed 
the presence of low levels of moulds. The 
relative counts were 8000, iioo and 800 per 
gram of feed for diets i, 2 and 3  respectively. 
Aspergillus funugatus, A. fiavus and A. ornatus 
were isolated from all diets. 
DISCUSSION 
The results confirm nutritional involvement 
in FLKS, in particular low dietary protein 
level, and demonstrate the reproducibility of 
the syndrome. The mean mortality of birds fed 
diets 2 and 3 (14%) was similar to that found in 
a previous experiment (12 . 7%) when diets of 
similar composition were fed (Whitehead & 
TABLE III 
LIVER AND KIDNEY COMPOSITIONS OF 2- AND 4-WEEK-OLD BIRDS 
Diet 
















I 288 364 io6 211 095 022 204 
2 219 3j3 100 224 1*01 023 224 
3 227 415 P19 200 io6 O26 21'4 
4-week-old birds 
I 	 I 754 295 o88 21 - 4 o81 o18 224 
I 2 680 290 o83 18•1 o84 0I9 223 
I 	 3 664 316 092 187 088 020 224 
2 2 56o 323 090 166 085 019 238 
2 	3 545 348 o96 552 o'89 022 21-6 
3 3 567 3 .40 093 162 089 022 209 
Pooled standard error 52 020 0025 075 003 0007 04I 
expressed as % of bird weight 
t expressed as % of dry organ 
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Blair, 1974). In the present investigation no 
beneficial effect of methioninc supplementation 
was found, confirming the results of Blair 
et aL 
Studies on protein-calorie malnutrition have 
shown that low-protein diets readily cause 
liver fat accumulation in rats (Stead & Brock, 
1972). However, in chicks the low-protein diets 
which resulted in high mortality from FLKS 
did not cause birds that were apparently un-
affected by the syndrome to develop fatty 
livers. Indeed the reverse was the case: highest 
liver lipid levels were found in birds fed the 
diet that caused least mortality. When these 
lipid levels were measured at 4  weeks of age, 
the groups fed the low-protein diets through-
out had experienced considerable mortality 
from FLKS. However, birds transferred from 
the control to the low-protein diets also had 
reduced liver lipid levels, even though by that 
time significant mortality from FLKS had not 
occurred.. Although there is some evidence 
from industry that faster growing birds within a 
group are more prone to FLKS, no correlation 
was observed between bird size and liver or 
kidney size or lipid content in any treatment 
group. It is thus apparent that the dietary factors 
associated with FLKS are not those which 
maximize liver or kidney fat accumulation and 
that the lipid content. of these organs gives no 
indication of the probability of a bird develop-
ing FLKS. A deposition of fat in the livers and 
kidneys of affected birds most probably occurs 
after the onset of the syndrome rather than 
being the initial cause. 
In both this and a previous investigation 
(Whitehead & Blair, 1974),  the first deaths from 
FLKS occurred when the birds were Jo to 12 
days old. The observation that birds fed an 
adequate diet for their first 2 weeks did not 
develop FLKS until Jo to 14 days after transfer 
to a low-protein diet suggests that it is length 
of exposure to an adverse diet, rather than age 
of bird, that determines the onset of the 
syndrome. 
The mycological data provided no evidence 
for the involvement of a mycotoxin in FLKS. 
By far the highest fungal levels were found in 
the diet which caused least mortality. 
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Various aspects of lipid metabolism were examined in 
broiler chicks affected with fatty liver and kidney 
syndrome (FLKS). Plasma free fatty acid concentra-
tions were invariably elevated. Plasma triglyceride con-
centrations were increased in approximately two thirds 
of the affected birds. The hyperlipaemic plasmas were 
further examined using electrophoresis, confirming 
the presence of increased amounts of triglyceride-rich 
lipoproteins. Lipoprotein lipase activity in adipose 
tissue was considerably reduced, but in heart tissue the 
enzyme activity was increased. Hepatic lipogenesis was 
reduced. Rates of oxidation of palmitic and succinic 
acids by liver, heart and kidney were normal. The 
increased oxidation rate of palmitic acid following the 
addition of carnitine was also normal. 
These findings indicate that elevated blood lipid 
levels are likely to be an important factor contributing 
to the development of fatty deposition, particularly in 
extrahepatic tissues. 
THE MOST CONSPICUOUS macroscopic lesion diag-
nostic of the fatty liver and kidney syndrome (FLKS) 
is the pale and swollen appearance of the liver and 
kidneys. In both organs the paleness is attributed to 
increased amounts of lipid which is composed almost 
entirely of triglyceride (Johnson et al 1972; White-
head 1975). Recent histological studies (Wight and 
Siller 1975) indicate that fatty infiltration of extra-
hepatic tissues may be widespread. 
In earlier studies (Blair et al1973;   Whitehead and 
Blair 1974) the role of dietary and environmental 
factors in the induction of FLKS were investigated. 
The present study has been carried out in association 
with these and subsequent studies. 
In the absence of evidence to the contrary, it has 
been assumed that tissues other than liver possess 
little lipogenic activity. Therefore, the accretion of 
large deposits of lipid in extra hepatic tissues, as in 
the kidney, must be attributable to exogenous fatty 
acids or triglycerides. This explanation would also 
be consistent with the less marked fatty infiltration 
of other extrahepatic tissues, where the absence of 
associated degenerative or necrotic changes (Wight 
and Siller 1975) largely eliminate factors such as 
toxins or cellular hypoxia as causal agents. Con- 
sequently this study includes the examination of 
some aspects of the metabolism of plasma free fatty 
acids and triglycerides associated with their uptake 
and utilisation by extrahepatic tissues. 
Materials and methods 
The birds used were Ross I broilers obtained as 
sexed day-old chicks from a commercial hatchery. 
They were housed in deep litter floor pens and pro-
vided with food and water ad libitum. Birds affected 
with FLKS were obtained from pens supplied with 
a low-protein (18 per cent) and generally low-fat 
(19-1-7 per cent) diet. Normal birds were taken 
from pens supplied with an adequate higher-protein 
diet (225 per cent). Both normal and affected birds 
were collected throughout the main period of FLKS 
outbreaks. Their ages ranged, when examined, from 
20 to 38 days old. Complete details of the diets and 
husbandry conditions are published elsewhere 
(Whitehead and Blair 1974; Whitehead et al 1974). 
All birds were subjected to a general postmortem 
examination and diagnosis of FLKS was confirmed 
by histological examination of liver, heart and 
kidneys. 
Birds were killed by intravenous injection of 
pentobarbitone sodium*. Blood was collected by 
heart puncture or section of the jugular vein. Either 
heparin or citrate (final concentration, 038 per cent) 
was used as an anticoagulant, and plasma was ob-
tained by centrifugation. Tissues were collected 
immediately and chilled in ice, before being trans-
ferred to deep-freeze storage. 
Analytical methods 
Plasma free fatty acids were extracted immediately 
from fresh plasma using the method of Trout et a! 
(1960) and measured by the manual titrometric 
method of Kelley (1965). 
Plasma triglyceride was determined by the semi-
automated fluorometric method of Kessler and 
Lederer (1965). Electrophoresis of plasma was per-
formed on cellulose acetate platet for 20 min at 
210 V and room temperature using a Tris-veronal 
* Veterinary Nembutal. Abbot Laboratories, Kent. 
t Titan III XW. Helena Laboratories, Texas. 
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buffer of ionic strength 005 and pH 88. Lipo-
proteins were stained with Oil Red 0, and the plates 
scanned using a Kipp and Z onen* DD2 densito-
meter. 
Lipoprotein lipase activity was measured in 
ventricle muscle and peritoneal adipose tissue. The 
enzyme activity was assayed in acetone-ether extracts 
of frozen tissues as described previously (Evans et a! 
1973). Released fatty acids, however, were measured 
by the method used for plasma free fatty acids in this 
study. Lipoprotein lipase co-factor activity was 
measured by comparing the activity of a standard 
fowl adipose tissue lipoprotein lipase preparation in 
assay mixtures which were activated by the addition 
of normal or FLKS plasmas. 
In vitro hepatic lipogenesis was determined by the 
incorporation of radioactive carbon from glucose-
U-14C into total lipids of liver slices. The method 
used has been described previously (Evans 1972). 
One liCi of glucose-U- 14C  was added to each flask. 
To determine oxidation rates of palmitic and 
succinic acids, fresh tissues were rinsed in ice cold - 
025M sucrose, weighed, minced and finally homo-
genised in 025M sucrose, containing 1mM EDTA, 
using a Potter-Elvejehm homogeniser. Whole tissue 
homogenates approximately equivalent to 35 mg of 
tissue were, incubated in a reaction mixture con-
taining 20mM sodium phosphate buffer, pH 7•4, 
75mM magnesium chloride, 50mM potassium 
chloride and 15mM ATP. When succinic acid was 
used as a substrate, ATP was replaced by ADP to 
the same final concentration. 
Albumin-bound palmitate-1- 14 C was prepared 
according to the method of Laurell (1957). The 
albumin (bovine serum albumin, Faction V, Sigma) 
was previously treated with charcoal (Chen 1967) to 
remove fatty acids. The two substrates being tested, 
palmitic acid-1-14C and succinic acid-1,4- 14Cf were 
added separately to reaction mixtures to a final 
concentration of 50M and 1mM respectively. DL 
carnitine chloridel: when used, was added to a final 
concentration of 1-5mM. Flasks containing medium 
and substrate but no tissue homogenate were used 
as controls. All flasks were incubated with shaking 
at 39°C for 60 mm. The reaction was terminated by 
the addition of 01ml 15M sulphuric acid to each 
flask and the carbon dioxide released was absorbed 
by 02ml 10 per cent hyamine hydroxide in methanol 
on filter paper contained in a disposable centre well. 
After a further incubation period of 60 mm, the 
centre well and contents were transferred to a count-
ing vial containing 10 ml 04 per cent butyl PBD, in 
toluene and 5 ml of Triton X100. Radioactivify 
was measured by a Philips Scintillation Analyser 
* Delft, Holland. 
t Radiochemical Centre, Amersham. 
Koch-Light, Buckinghamshire. 
PW4510/00 and counting efficiency determined using 
a n-hexadecane-1-' 4C internal standard. 
Protein content of tissue homogenates was deter-
mined by an automated version of the method of 
Lowry et a! (1951). 
Very low density lipoprotein fractions were nega-
tively stained with 1 per cent phosphotungstic acid 
in pH 74 veronal buffer, for 30 s to 1 mm. To obtain 
sections, the very low density lipoprotein fraction was 
fixed with 1 per cent osmium textroxide for 1 h, de-
hydrated in ethanol and embedded in Araldite. 
Sections were stained with a uranyl acetate and lead 
citrate sequence (Reynolds 1963). Prepared material 
was viewed with a Philips EM 300. 
Results 
Plasma free fatty acid, triglyceride and lipoproteins 
Both plasma free fatty acid and triglyceride con-
centrations were considerably elevated in affected 
birds (Table I). However, whereas free fatty acid 
TABLE 1: Plasma free fatty acid and triglyceride concentra-
tion* in normal and FLKS birds 
Statistical 
Plasma 	 significancet 
parameter Normal 	FLKS 	 P 
Free fatty 
acids 	 443±55 	1016±68 	<0001 
(i.tmol/l) 	(9) (20) 
Triglyceride 	63±6 	409±101 	<0001 
(mg/ 100 ml) (14) (33) 
* Values are means ±SEM; number of observations shown 
in parenthesis 
t P values obtained from t test of difference between normal 
and FLKS means 
concentrations were consistently high, triglyceride 
concentrations were extremely variable (as indicated 
by the large standard error for this value in Table 1). 
Of a sample of 33 affected birds, 13 (39 per cent) had 
normal triglyceride values, that is values below the 
upper limit of llOmg/lOOml measured in normal 
birds. Of the remainder, triglyceride values ranged 
from 135 to 2490 mg/ lOOml. The distribution of tri-
glyceride values in FLKS birds is compared with 
that for normal birds in Table 2. The cause of this 
variability in the affected birds is unknown. There 
was no correlation between plasma triglyceride and 
free fatty acid levels (r=007, n= 17). Also there was 
no relationship between triglyceride levels and any 
of the following: fat content of liver or kidney 
(Whitehead 1975), the severity of the syndrome as 
judged by a clinical rating scale, or the age of the 
bird. - 
A4 (FLKS whole) 
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TABLE 2: Frequency distribution of plasma triglyceride concentration in normal and FLKS birds 
Triglyceride concentration (mg/ 100 ml) 
0-100 	100-200 	200-400 	400-800 	800-1600 	1600-2600 
Normal 	 13 	 I 
(92) (8) 
FLKS 	 12 	 6 	 7 	 4 	 I 	 3 
(36) (18) (21) (12) (3) (9) 
Percentage frequency distribution shown in brackets 
Hyperlipaemic plasmas from affected birds were 
further examined by separation of the major lipopro-
tein classes by electrophoresis on cellulose acetate. 
Densitometric traces of typical separations for 
normal and FLKS plasmas are shown in Fig 1. In 
normal birds the low density (LDL) and high density 
(HDL) lipoproteins predominate. However, a small 
quantity of very low density lipoprotein (YLDL) 
can often be detected (sample 29, Fig 1). Hyper-
lipaemic plasmas from affected birds were charac-
terised by a marked increase in VLDL together with 
a reduction in the relative amounts of both LDL and 
HDL. In addition, although a small amount of 
lipoprotein may be occasionally observed at the 
origin of electrophoretograms of normal plasmas, 
the presence of large amounts of lipoprotein extend-
ing from the origin to the position of the LDL is a 
common but not invariable feature of hyperlipaemic 
plasmas. Centrifugation of hyperlipaemic plasma 
(2h at 4°C and 50,000g) followed by separation of 
the floating material (ie, density <1006) by tube 
slicing, produced an infranatant fraction free from 
both VLDL and the lipoprotein of reduced electro-






LDL VLDL I-IDL  
Dote 30573 
A4 	 + 
0 	 A 
—o. + 
0 
LDL VLDL HDL 
FIG I: Densitometric traces from cellulose acetate electrophoretograms of plasma lipoproteins. 
Triglyceride concentrations were, 26, 425 mg/100 ml; 29, 90 mg/I00 ml; A4 (whole), 570 
mg/100 ml; A4 (infranatant), 40 mg/100 ml. The infranatant of plasma A4 was obtained after 
removal of a floating lipid fractions, following the centrifugation of whole plasma for 2 h at 
4°C and 50,000 g 
LDL = low density lipoprotein 	VLDL = very low density lipoprotein 
HDL = high density lipoprotein 0 = origin, sample migrates towards anode 
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whole plasma (Fig 1), the appearance of two sharp 
peaks about the origin is due to an application 
artifact. Examination by electron microscope of 
both negatively stained preparations and embedded 
stained sections of lipoprotein from the floating 
fractions obtained from sample A4 indicated that 
large particles within a size range 1000-2500 A were 
common. The result draws attention to the similarity 
between the lipoprotein class of low electrophoretic 
mobility and mammalian chylomicrons. 
Lipoprotein lipase co-factor activity was present 
in hyperlipaemic plasmas. Three hyperlipaemic 
plasmas were found to have 50, 70 and 100 per cent 
activity when compared with normal plasmas. 
Tissue lipoprotein lipase activity 
Lipoprotein lipase activity in adipose tissue of 
affected birds was considerably reduced (Table 3) 
TABLE 3: Lipoprotein lipase activity*  in heart and adipose 
tissue of normal and FLKS birds 
Statistical 
significancet 
Tissue 	Normal 	FLKS 	 P 
Adipose tissue 	128±11 	17+3 	<0001 
	
(14) (35) 
Heart tissue 	68±4 	101±9 	<005 
(14) (35) 
* Units for measurement of lipoprotein lipase activity are 
i.t moles of free fatty acid released/g of tissue/h; values are 
means ± SEM; number of observations shown in parenthesis 
t P values obtained from t test of difference between normal 
and FLKS means 
and in some cases virtually absent (Fig 2). In con-
trast, significantly increased enzyme activity was 
measured in hearts of FLKS birds (Table 3). Hyper-
lipaemia was invariably associated with reduced 
lipoprotein lipase activity in adipose tissue (Fig 2). 
Diets which predispose birds to FLKS (Whitehead 
et a! 1974) had no effect on lipoprotein lipase levels 
either of heart or adipose tissue of normal birds 
(Table 4). 
Fatty acid oxidation and lipogenesis 
Oxidation of palmitic and succinic acids by liver, 
kidney and heart muscle homogenates was normal 
(Table 5). Addition of 15mM (final concentration) 
carnitine to the in vitro preparations produced a 
marked elevation in the oxidation rate of palmitic 
acid by tissues from both normal and affected birds 
(Fig. 3). However, the magnitude of the increase was 
similar for both groups. 
In vitro hepatic lipogenesis in liver slices from 
affected birds was reduced. Mean incorporation 
rates (±SEM) of labelled glucose into total lipids, 
• FLKS birds 









• 	 Upper limit normal values 
I-- 0_I .. 
50 	100 	150 
Adipose tissue lipoprotein lipase activity 
moles free folly acids/g 
tissue/h) 
FIG 2: The relationship between plasma triglyceride and 
adipose tissue lipoprotein lipase activity 
TABLE 4: The effect of diet on lipoprotein lipase acti vity * 




Composition of diets 
Crude protein (%) 225 180 180 
Metabolisable 
energy (Mi/kg, 
calculated) 1255 1192 1192 
Methionine (') 041 047 025 
Lipoprotein lipase activity 
Adipose tissue 139±14 115±12 132±15 
(8) (8)  
Heart tissue 64±4 79±8 68+3 
(8) (8)  
* Units for measurement of lipoprotein lipase activity are 
p moles of free fatty acid released/g/h of tissue; values are 
means ±SEM; number of observations shown in parenthesis 
t Diets 2 and 3 were designed to predispose birds to FLKS 
For complete composition of these diets see Whitehead eta! 
(1974) 
measured as cpm/h/lOOmg of fresh tissue, were 
8397±2264 (n=3) for normal birds and 1316±195 
(n=5) for affected birds, a difference which was 
significant at the 2 per cent level. 
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TABLE 5: Oxidation*  of palmitic acid-] -14C  and succinic acid-1,4- 14C by tissue homogenates 
Tissue Normal 




Succinic acid-1,4- 14C 
Statistical 
FLKS 	significance 
Liver 49±1l 70±19 NS 530±29 503±36 	NS 
(4) (5) (4) (5) 
Kidney 107±15 96±04 NS 603±15 5767L42 	NS 
(4) (5) (4) (5) 
Heart muscle 2l±04 35±04 NS 438±34 489±39 	NS 
(4) (5) (4) (5) 
* Oxidation rate measured as n moles 14CO2 released/mg protein/h; values are means ±SEM; number of observations shown 
in brackets. 










Liver 	 Kidney 	 Heart 
FIG 3: Increase in the rate of oxidation of palmitic acid-l -
14 C by tissue homogenates, following the addition of carnitine 
(15 mM, final concentration). Values are means ±SEM 
Discussion 
Two aspects of lipid utilisation associated with 
the extrahepatic deposition of fat have been ex-
amined. In the first case the rate of fatty acid oxida-
tion was measured in three tissues which are affected 
by fatty infiltration, namely kidney, heart and liver. 
Triglyceride deposition has been reported to occur in 
a variety of mammalian tissues, namely myocardium 
(Warshaw and Terry 1970; Wittels and Bressler 
1964, 1965; Corredor et a! 1967), liver (Corredor 
et a! 1967) and skeletal muscle (Engel and Angelini 
1973) where impaired long-chain fatty acid oxida-
tion was caused by a carnitine deficiency. There was, 
however, no evidence of reduced long-chain fatty 
acid utilisation in FLKS. The rate of oxidation of 
palmitic acid by tissues from FLKS birds, either in 
the presence or absence of added carnitine was nor- 
mal. Similarly, the rate of oxidation of succinic acid 
was unaffected by the syndrome. These results 
indicate that for tissues tested mitochondrial func-
tion in FLKS birds was unimpaired. Thus, in the 
absence of reduced fatty acid utilisation, the elevated 
plasma free fatty acid levels in affected birds can be 
attributed mainly to mobilisation from adipose 
tissue. The increased plasma free fatty acid levels 
may themselves be an important factor in the 
development of tissue fat deposition, but this has 
yet to be investigated. 
In addition to plasma free fatty acids, the other 
major form in which lipid is transported to extra-
hepatic tissues is as triglyceride in plasma lipopro-
teins. Utilisation of this triglyceride is dependent 
upon the activity of the enzyme lipoprotein lipase 
(Robinson 1970). In the domestic fowl only heart 
and adipose tissue possess significant lipoprotein 
lipase activity (Evans et a! 1973; Husbands 1972). 
Depressed lipoprotein lipase activity of adipose tissue 
was a characteristic finding in FLKS. Enzyme activity 
in heart however was slightly elevated. An increased 
plasma triglyceride concentration was common in 
affected birds and it was invariably associated with re-
duced enzyme activity in adipose tissue. It is proposed 
that the incidence of hyperlipaemia was more likely to 
be attributable to a reduced rate of clearance due to 
low adipose tissue lipoprotein lipase activity, rather 
than to an increased rate of lipoprotein synthesis, 
since hepatic lipogenesis was shown to be depressed. 
However, the occurrence of normal plasma trigly-
ceride values in combination with reduced adipose 
tissue enzyme activity indicated that the develop-
ment of a hyperlipaemia was not dependent upon a 
reduction in enzyme activity alone. The origin of 
the considerable variability in plasma triglyceride in 
FLKS is unknown. The lipoprotein pattern in the 
hyperlipaemic plasmas was characterised by an 
increase in VLDL and by the presence of an addi-
tional class of lipoprotein of density less than 1-006. 
This latter class closely resembles the normal lipo-
protein of the domestic fowl, derived from dietary 
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fat (Bensadoun and Rothfield 1973). It is rarely 
observed in electrophoretograms of normal plasma, 
presumably because, like the mammalian chylo-
microns, it is rapidly cleared from the blood. 
As indicated previously, the extrahepatic deposition 
of triglyceride in FLKS may arise as a conse-
quence of the failure of the normal clearance mech-
anism for plasma triglyceride. A congenital deficiency 
of lipoprotein lipase has been reported (Fredrickson 
and Lees 1966). In the rare cases where post mortem 
findings of this disease have been published, lipid 
deposits were found in liver and reticulo-endothelial 
cells in a dog (Baum et al 1969) and in reticulo-
endothelial'cells only in man (Chapman and Kinney 
1941). When lipoprotein lipase activity is blocked by 
the use of Triton WR 1339, fat deposits also accumu-
late in reticulo-endothelial cells in the dog (Scanu 
et a! 1961) and the fowl (Evans, Siller and Wight 
unpublished observations). Triton WR 1339 is 
believed to inhibit enzyme action by modifying the 
structure of the lipoproteins. This might account for 
the fate of lipoprotein lipid following treatment with 
this agent. There is, however, no information avail-
able on lipoprotein structure in the congenital de-
ficiency of lipoprotein lipase. In FLKS there is no 
evidence of an abnormality in plasma lipoprotein 
structure, and in contrast to the foregoing instances 
little lipid appears in the reticulo-endothelial tissue 
(Wight and Siller 1975). The postulated role of 
reduced lipoprotein lipase levels in the development 
of extrahepatic lipid deposits must therefore remain 
tentative. 
Many of the findings reported here for FLKS are 
similar to the changes occurring during fasting, 
namely, elevated plasma free fatty acids, decreased 
hepatic lipogenesis, decreased adipose tissue lipopro-
tein lipase activity and increased heart lipoprotein 
lipase activity. However, the magnitude of the changes 
is much greater than can be accounted for by fast-
ing alone (Evans unpublished observations). In 
addition plasma triglyceride concentrations are un-
affected by fasting (Evans unpublished observations). 
It is not known to what extent affected birds become 
aphagic during the course of development of the 
syndrome, but it is unlikely to be for any prolonged 
period. Nevertheless, the effect of fasting as a con-
tributory factor to some of the symptoms cannot be 
entirely discounted. 
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Tissue lipid composition in fatty liver and 
kidney syndrome in chicks 
C. C. WHITEHEAD 
Agricultural Research Council's Poultry Research Centre, West Mains Road, Edinburgh 
The lipid composition of the liver, kidneys, heart and 
adipose tissue of chicks affected by the fatty liver and 
kidney syndrome were analysed. Livers and kidneys 
showed 400 to 500 per cent increases in their amounts 
of triglyceride but their phospholipid levels were 
normal. There were no detectable increases in heart 
lipid levels. Liver and kidney triglycerides contained 
increased proportions of mono-unsaturated fatty acids, 
mainly palmitoleic acid, at the expense of the saturated 
fatty acids, mainly stearic acid. Phospholipid and 
adipose tissue fatty acid compositions were not 
markedly altered. The abnormalities were regressing 
in birds recovering from the syndrome. 
THE AETIOLOGY or the fatty liver and kidney syn-
drome of chicks (FLKS) has not yet been established, 
but it is thought to be a metabolic disorder caused 
by a nutritional imbalance or deficiency, although 
other factors may also be involved (Whitehead et a! 
1973). A nutritional factor already implicated is high 
energy-to-protein ratio, at least in low-fat diets 
(Whitehead and Blair 1974). Although low-protein 
diets are known to result in fatty liver formation in 
rats (Stead and Brock 1972), Whitehead et a! (1975) 
found that the low-protein diets that resulted in high 
mortality from FLKS did not cause birds apparently 
unaffected by the syndrome to accumulate abnormal 
amounts of lipid in their livers or kidneys. The pre-
sent report describes the changes in lipid composition 
of liver, kidney, heart and adipose tissues associated 
with the syndrome. 
Materials and methods 
Birds 
The birds studied were Ross I broiler chicks from 
the two experiments described by Whitehead and 
Blair (1974) and Whitehead et a! (1974). They were 
housed in deep-litter pens and fed from day-old the 
low-protein (18 per cent), low-fat (1 -8 per cent) diets 
that resulted in high mortality from ELKS (13 to 20 
per cent) or diets of adequate protein level (22 to 23 
per cent) that caused little mortality. Birds selected 
for tissue analysis belonged to one of the following 
categories. 
Normal and Unaffected chicks were those, fed 
the adequate- and low-protein diets respectively, 
that did not show any outward signs of the syn-
drome. They were killed at the time of selection at 
an age of three to four weeks. 
FLKS chicks were those showing the charac-
teristic signs of the syndrome when killed at three 
to four weeks old after being fed a low-protein diet. 
They were assigned to one of the following five 
classes according to the severity of the signs: (i) bird 
standing, head drooping slightly; (ii) bird standing, 
head very drooped; (iii) bird sitting and unwilling to 
move, head up; (iv) bird sitting, head on litter; 
(v) bird completely collapsed, near to death. 
Recovered chicks were those that had been 
marked at about three weeks of age when showing 
signs of disease but had subsequently recovered and 
were apparently in good health when killed seven 
days after marking. 
Procedure 
Chicks were killed with an overdose of pento-
barbitone sodium, weighed and the livers, kidneys, 
hearts and samples of peritoneal adipose fat were re-
moved. The organs were weighed and, after samples 
had been taken for histological examination, freeze-
dried. Adipose tissue and dried organs were stored 
at -10°C before analysis. 
Lipids were extracted by the method of Foich et al 
(1957). Lipid classes were determined by the method 
of Christie eta! (1970) involving thin layer chromato-
graphic separation of the lipids followed by gas-
liquid chromatographic (glc) estimation of their fatty 
acid content using an added internal standard 
(margaric acid). Methyl esters of fatty acids were 
prepared by transesterification of glycerides in 
methanolic 5 per cent hydrogen chloride and estim-
ated by glc on a column of 15 per cent (w/w) poly-
ethylene-glycol adipate on Chromosorb W (100-200 
mesh, acid washed and silanised) at 180°C using a 
flame ionisation detector. 
Tissue for histological examination was fixed in 
formol-saline and frozen sections were stained with 
Sudan IV for the demonstration of lipid. 
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matter Y. Lipids CE 
Lipid class (wt %) 
TG 	FFA D & MG PL 
Liver Normal 305 089 292 191 3 47 I 	2 49 
Unaffected 340 093 275 173 4 48 2 2 48 
FLKS 409 114 279 324 2 72 3 	3 20 
Recovered 382 110 287 166 2 41 4 4 50 
Kidney Normal 081 018 222 201 
Unaffected 088 021 239 209 4 30 4 	3 57 
FLKS 116 030 259 350 2 73 3 2 20 
Recovered 098 023 235 267 2 50 2 	3 43 
Heart Unaffected 065 013 200 250 
FLKS 070 014 200 229 
* See text. 
t Per cent of body weight. 
Per cent of dry organ weight. 
§ CE = cholesterol ester, TG = triglyceride, FFA = free fatty acid, D & MG = di- and monoglycerides, PL = phospho-
lipids; other lipids were not measured. 
Results 
Data are presented only for those birds that histo-
logical examination of tissues indicated (A) were not 
affected, (B) were affected by FLKS or (C) showed 
signs of having been affected. Normal and unaffected 
birds showed no signs of abnormal lipid accumula-
tion in livers, kidneys or hearts. Some apparently 
healthy birds that had fatty infiltrations in one or 
more organs were not included in any category since 
it was not possible to establish whether they were 
developing or recovering from FLKS. FLKS birds 
all showed characteristic fatty infiltration, in varying 
degrees, of livers, kidneys and hearts. Of the 14 birds 
marked when showing advanced signs of FLKS, 
nine died within two days and only three were alive 
seven days after marking. These three birds showed 
no outward signs of abnormality, but traces of fatty 
infiltration in livers, kidneys and hearts suggested 
that they had been affected by the syndrome. In all, 
data are presented from analyses on 35 normal, 35 
unaffected, 45 FLKS and three recovered chicks. 
The composition of livers, kidneys and hearts of 
chicks in the four categories are given in Table 1. 
Normal birds were heavier (690 g at four weeks) than 
unaffected birds (580 g) and had proportionately 
smaller livers and kidneys, but the composition of 
these organs was similar in the two categories. Livers 
and kidneys of FLKS birds were considerably larger, 
on both a wet- and dry-weight basis, than those of 
unaffected birds and contained approximately twice 
as much fat, although dry matter content was not 
significantly different. Analysis of lipid classes 
showed that in both organs there was a large increase 
in the proportion of triglyceride at the expense of 
phospholipid. The livers of recovered birds were 
slightly enlarged but had normal lipid levels and 
lipid class composition. However, the kidneys, which  
were also slightly enlarged, still showed elevated lipid, 
levels and abnormal lipid composition. The hearts 
of FLKS birds did not show any significant com-
positional changes. 
The liver and kidney lipid levels of chicks showing 
the different signs of FLKS are given in Table 2. 
Liver lipid levels increased with increasing severity 
of the signs; in contrast, kidney lipid levels were con-
siderably elevated in birds showing early signs. 
TABLE 2: Liver and kidney lipid levels of birds showing 
FLKS signs of differing severity 
Severity of 	 Y. Liver 	Y. Kidney 
signs* lipidj lipidt 
Unaffected 173 209 
B  - 	- - 
Bii 240 343 
Biii 35.0 339 
Biv 359 33.7 
By 477 455 
* See text. 
t Per cent of dry organ weight. 
The fatty acid composition of liver, kidneys, heart 
and adipose fat are given in Table 3. A feature of 
the liver and kidney fatty acids of FLKS birds was 
the large increase in the proportion of the mono-
unsaturated fatty acids, palmitoleic acid in particu-
lar, at the expense of the saturated fatty acids, 
principally stearic acid. These changes also occurred, 
though to a much smaller cxtcnt, in heart lipids but 
adipose fatty acids of affected birds had unaltered 
composition. The liver, kidney and heart fatty acid 
compositions of recovered birds were intermediate 
between those of unaffected and FLKS birds. 
The fatty acid composition of liver and kidney 
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TABLE 3: Fatty acid compositions of liver, kidney, heart and adipose tissue 
Condition Fatty acid (wt %)t 
Tissue of birds* 16:0 16:1 18:0 18:1 18:2 
Liver Normal 325 94 13'8 342 10.0 
Unaffected 322 91 137 362 88 
FLKS 291 178 39 402 91 
Recovered 314 116 116 385 70 
Kidney Normal 298 58 201 309 134 
Unaffected 287 80 175 314 144 
FLKS 252 182 80 361 127 
Recovered 274 109 147 356 114 
Heart Normal 241 30 175 327 206 
Unaffected 258 46 143 344 210 
FLKS 242 73 123 366 196 
Recovered 273 60 139 	- 323 209 
Adipose Normal 305 103 41 467 84 
Unaffected 283 157 25 435 100 
FLKS 292 158 28 440 82 
Recovered 283 170 32 437 7.7 
* See text. 
t Fatty acids with carbon chain length greater than 18 were not measured. 
TABLE 4: Fatty acid compositions of liver and kidney triglycerides and phospholipids 
Condition Fatty acid (wt %)t 
Lipid of birds* 16:0 16:1 18:0 18:1 18:2 
Liver Normal 291 98 100 443 68 
triglyceride Unaffected 31-2 87 118 385 98 
FLKS 283 190 21 426 80 
Recovered 334 145 52 387 82 
Liver Normal 395 78 216 259 52 
phospholipid Unaffected 328 71 234 298 69 
FLKS 336 63 175 333 9.3 
Recovered 337 95 196 308 64 
Kidney Unaffected 292 121 59 404 124 
triglyceride FLKS 273 202 21 400 104 
Recovered 316 158 49 403 7.4 
Kidney Unaffected 304 41 268 252 135 
phospholipid FLKS 311 47 263 276 103 
Recovered 326 58 251 260 105 
See text. 
t See Table 3. 
triglycerides and phospholipids is given in Table 4. 
Triglycerides of both organs showed large increases 
in the proportions of palmitoleic and decreases in 
those of stearic acid in FLKS birds. A small increase 
in oleic and decrease in palmitic acid also occurred 
in liver triglycerides. Phospholipids were generally 
unaffected in the syndrome, although liver phospho-
lipids showed a small increase in the proportion of 
oleic at the expense of stearic acid. The triglyceride 
fatty acid patterns of recovered birds were less 
abnormal than those of FLKS birds. 
Discussion 
These studies show that FLKS resulted in marked, 
characteristic changes in the lipid levels and com-
position of various tissues. In particular, livers and 
kidneys showed increases of 400 to 500 per cent in 
the amounts of triglycerides, although the amounts 
FLKS lipid composition 
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of phospholipids in these organs remained constant. 
These observations agree with those of Johnson et a! 
(1972). Histologically obvious fat also accumulated 
in the heart; however, the actual amount must have 
been small since chemical analyses failed to detect 
an increase in heart lipid levels. 
The studies also provided additional data to con-
firm the conclusions of Whitehead et a! (1974) that 
the differences between the tissue lipid compositions 
of birds fed adequate- and low-protein diets did not 
resemble the changes brought about by the onset of 
the syndrome. Liver lipid levels of FLKS birds were 
related to the severity of the signs shown by the 
birds. Since birds can die within hours of showing 
the first signs, fatty infiltration of the liver must take 
place rapidly after the onset of the syndrome. In 
contrast to the livers, the kidneys of birds showing 
early signs of the syndrome were found to have con-
siderably increased lipid levels. This agrees with 
histological evidence that the kidney is the organ 
most susceptible to fatty infiltration in FLKS (Wight 
and Siller 1975). 
Major changes in the fatty acid composition of 
tissues of affected birds were increases in the propor-
tions of palmitoleic and decreases in stearic acid; 
minor changes were increases in oleic and decreases 
in palmitic. These changes were most marked in those 
tissues, ie, liver and kidney, that had large fatty 
infiltrations and least noticeable in the heart where 
only a slight infiltration occurred. The proportion 
of linoleic acid was unaltered in all tissues. 
Although most birds showing advanced signs of 
the syndrome died, some recovered and in these birds 
the changes brought about by the syndrome re-
gressed. One week after the birds had shown severe 
signs their livers, although still somewhat enlarged, 
had normal lipid levels and composition. In contrast, 
the kidneys regressed more slowly, since triglyceride 
levels were still elevated. However, in both tissues 
fatty acid compositions were still abnormal and 
traces of fatty infiltration were detectable histolo-
gically. 
The alteration in tissue fatty acid composition of 
birds affected by FLKS can be explained partly by 
the change in triglyceride-to-phospholipid ratio since  
both liver and kidney triglycerides contained higher 
proportions of palmitoleic and less stearic acid than 
the corresponding phospholipids. However, analysis 
of the fatty acid composition of the individual lipid 
classes showed that, whereas there was only a small 
change in liver and no change in kidney phospho-
lipid composition, major changes occurred in the 
triglycerides of both organs. Moreover, although the 
fatty acid composition of liver and kidney trigly-
cerides differed in normal and unaffected birds, they 
were the same in FLKS birds, which suggests that 
the infiltrated triglycerides may have had a common 
origin. In view of the widespread nature of the 
infiltration throughout the body (Wight and Siller 
1975), this fat may have been derived from plasma 
free fatty acids or triglycerides, levels of which are 
elevated in FLKS (Evans et a! 1975). 
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Evidence for a lesion in carbohydrate metabolism 
in fatty liver and kidney syndrome in chicks 
D. W. BANNISTER, A. J. EVANS AND C. C. WHITEHEAD 
Agricultural Research Council's Poultry Research Centre, West Mains Road, Edinburgh 
41 
Liver and kidney slices from chicks affected with 
fatty liver and kidney syndrome (FLKS) were incu-
bated in vitro with a variety of non-carbohydrate 
precursors and their ability to form glucose was 
studied. The results show that the affected liver was 
unable to form significant quantities of glucose from 
the precursors (gluconeogenesis). Glycogen breakdown 
was also drastically reduced because the tissue was 
almost devoid of this carbohydrate store. Blood 
chemistry revealed no evidence of overall liver mal-
function but reflected the consequences of lack of 
gluconeogenesis. In contrast, kidney gluconeogenic 
activity was significantly higher than in the controls, 
suggesting an attempt by this organ to offset the 
reduced hepatic capability. Attempts to restore activity 
in vitro were made by adding known cofactors of 
gluconeogenesis. A small but significant improvement 
resulted from addition of biotin to liver slices. 
DIET HAS BEEN implicated as a major factor in the 
causation of fatty liver and kidney syndrome (FLKS) 
(Blair eta! 1969, 1973; Husbands and Laursen-Jones 
1969). Subsequent research at the Poultry Research 
Centre has confirmed this observation (Whitehead 
and Blair 1974; Whitehead eta! 1974) and shown that 
environmental factors such as temperature (White-
head et a! 1974), stress (Whitehead et a! 1975) and 
the form of food (Blair et a! 1975) also affect the 
level of mortality. 
During the course of the nutritional studies noted 
above, biochemical investigations were undertaken 
and the results relating to lipid metabolism (Evans 
et a! 1975) and to lipid accumulation in liver, kidney 
and heart (Whitehead 1975) are already published. 
These, together with parallel histological studies 
(Wight and Siller 1975) have extended knowledge 
of the most obvious morphological manifestation of 
FLKS, namely the deposition of lipid in liver and 
kidney. They do not, howcvcr, suggest that faults in 
lipid metabolism are the cause of death. Preliminary 
biochemical investigations revealed hypoglycaemia 
to be ubiquitous amongst FLKS-affected chicks and 
implied that carbohydrate metabolism might be  
deranged. The present paper, therefore, attempts to 
ascertain the cause of the hypoglycaemia and to 
relate it to existing knowledge. 
Materials and methods 
Birds 
The chicks used were sexed Ross I broilers ob-
tained from a commercial hatchery. They were 
housed in deep litter pens and allowed unrestricted 
access to food and water. Birds affected by FLKS 
were fed one of a number of diets designed to in-
crease the incidence of the syndrome (these contained 
protein at a low level, 18 per cent and usually fat at 
a low level, 17 to 1-9 per cent); 'control' chicks were 
provided with a high-protein (225 per cent) com-
mercial-type broiler grower mash. Full details of 
diets and husbandry conditions have already been 
published (Whitehead and Blair 1974; Whitehead 
et a! 1974, 1975). 
In addition to the chicks mentioned above, birds 
of the same strain (females only) were housed and 
maintained separately under laboratory conditions. 
They were fed a commercial-type chick mash ad 
libitum or fasted for 18 h or 48 h before being killed. 
These birds formed a 'normal' group to distinguish 
them from the 'controls' referred to above. 
Chicks were killed by intravenous injection of 
pentobarbitone sodium and blood was collected by 
section of a jugular vein. Heparin or citrate (final 
concentration 038 per cent) served as anticoagulant 
when plasma was required. For serum, blood was 
allowed to clot and stand at room temperature for 
4 to 5 h. When necessary, plasma, but not serum, 
was stored frozen until analyses were performed. 
Hearts, livers and kidneys were excised im-
mediately after death and portions of each were 
fixed for histological examination to confirm diag-
nosis. Depending upon the experiments to be per-
formed, portions of the remaining liver and kidney 
were chilled in ice-cold solutions of the appropriate 
buffers until used. For measurement of fructose-1, 
* Veterinary Nembutal. Abbott Laboratories Ltd, Queen-
borough, Kent. 
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from FLKS-affected chicks is dramatically reduced 
in comparison with controls (Table 1, column 1). 
The difference is highly significant. Liver from control 
chicks produced glucose when glucose-6-phosphate, 
fructose-1, 6-diphosphate or succinic acid were added 
as precursors, but in other cases there was no nett 
increase of glucose in the medium. The results were 
very variable in some instances for reasons to be 
discussed later. 
FLKS-affected livers formed glucose from glucose-
6-phosphate and fructose-I, 6-diphosphate at the 
same rate as controls. Glucose was also formed from 
glycerophosphate but with the other precursors the 
glucose formed was near, or below, the limits of 
detection by the method used. 
Kidney 
Results for glucose production by kidney slices 
are given in Table 2. It should be noted that, in the 
absence of precursors, there is little glucose produc-
tion by this tissue, presumably reflecting the paucity 
of glycogen in the kidney. Renal tissue from FLKS-
affected birds was not significantly different in this  
respect from the 'controls'. Glucose production from 
phosphorylated intermediates was lower for slices 
from FLKS-affected chicks than for slices from 
control birds though not significantly so. For the 
remaining precursors, only pyruvate failed to show a 
statistically significant increase. 
Effects of fasting on gluconeogenesis by liver and 
kidney of 'normal' birds 
Reduced liver glycogen (see below), together with 
previous observations (Evans et al 1975), suggests a 
superficial resemblance between FLKS and changes 
produced by fasting. Since aphagia is to be expected 
in any condition of severe illness, it was necessary 
to establish that the findings were not solely a result 
of this condition but were derived from changes due 
to the syndrome. Results from an experiment in 
which normal chicks were (a) fed ad libitum, (b) fasted 
18 h or (c) fasted 48 h are presented in Tables 3 and 
4 for liver and kidney respectively. 
Liver 
In the absence of precursors, there was a sharp 
TABLE I: Glucose production by liver slices from control and FLKS-affected broiler chicks incubated with various precursors 
Precursor, final concentration 10 mmol/litre 
2-oxo- 
Glucose-6- Fructose-1,6- a-Glycero- Pyruvic Succinic glutaric Glutamic 
No precursor phosphate diphosphate phosphate acid acid acid acid Alanine 
Controls 
217±391 	335±37 	7l0±22 —37+246 —37±286 672±407 134+239 242+385 —22+192 
(10) (5) (5)  (5) (5) (5) (5) (5) 
FL KS-affected 
birds 
61 ±1.1*** 	339±52 	604+52 215±45 —05±l0 26±l'7 0 0 —18±17 
(14) 	(5) (5)  (9) (5) (5) (5) (5) 
Results (difference between the quantities of glucose formed in the presence and absence of each precursor) are expressed 
as i moles of glucose formed/g dryweight/h and are given as the mean ±SEM for the numberof observations shown in brackets. *** Highly significant, 	P<0-001. 
TABLE 2: Glucose production by kidney slices from control and FLKS-affected broiler chicks incubated with various 
precursors 
Precursor, final concentration 10 mmol/litre 
2-oxo- 
Glucose-6- 	Fructose-1,6- a-Glycero- Pyruvic Succinic glutaric Glutarnic 
No precursor phosphate 	diphosphate phosphate acid acid acid acid Alanine 
Controls 
253±34 	370±50 	477±128 262±62 398±61 497±77 320±60 58±60 —55±36 
(10) (5) (5) (4) (5) (5) (5) (4) (5) 
FL KS-affected 
birds 
195±26 	312±59 	280±91 205±30 652±94t 84.7±63** 602+57** 347±55** 172±45** 
(14) (5) (5) (5) (9) (5) (5) (5) (5) 
Results (difference between the quantities of glucose formed in the presence and absence of.each substrate) are expressed 
as moles of glucose formed/g dryweight/h and are given as the mean ±SEM for the number ofobservations shown in brackets. 
f Possibly significant, 005<P<01. 
** Very significant, P<00l. 
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TABLE 3: Effect of fasting on glucose production by liver slices from normal broiler chicks incubated with various precursors 
Precursor, final concentration 10 mmol/litre 
2-oxo- 
No Glucose-6- Fructose-1,6- Pyruvic Succinic glutaric Glutamic 
precursor phosphate diphosphate acid acid acid acid Alanine 
Fed ad libitum 
364±39 251±58 73'9±495 535+242 175±88 540±435 —233+552 —417±287 
(8) (4) (4) (4) (4) (4) (4) (4) 
Fasted 18 h 
521 ±6- 6 470+73 118±125 657±51 373±43 243+70 347±19•5 08±5•0 
(8) (4) (4) (4) (4) (4) (4) (4) 
Fasted 48 h 
105+29 113±70 408±34 164±118 121±117 71+l16 
(5) (5) (5) (5) (5) (5) 
Results (difference between the quantities of glucose formed in the presence and absence of each precursor) are expressed 
as s moles of glucose formed/g dry weight/h and are given as the mean + SEM for the number of observations shown in brackets. 
fall in glucose output after 18 h fasting followed by 
a partial return toward initial value after a further 
30 h (Table 3). Even after 18 h fasting glucose 
formation was approximately 85-fold greater than 
for FLKS liver. Glucose production from glucose-6-
phosphate rose 'probably significantly' (005<P< 
01) after 18 h but production from fructose-I, 6-di-
phosphate was unaffected. Gluconeogenesis from 
pyruvate doubled after 48 h fasting but, because of 
wide variation between birds, the increase was not 
significant. The changes observed when succinic 
acid, 2-oxoglutaric acid, glutamic acid and alanine 
were used as precursors were not significant after 
48 h. 
Kidney 
Glucose production in the absence of precursors 
fell slightly, but not significantly, after 18 h fasting 
and remained unaltered after 48 h (Table 4). Both 
glucose-6-phosphate and fructose-I, 6-diphosphate 
gave rise to more glucose after 18 h but in neither 
case was the increase significant. Pyruvate, however,  
produced a significant (P<001) rise after 18 h which 
had fallen towards the initial value by 48 h. Gluco-
neogenesis from succinic acid rose significantly after 
18 h (P<005) followed by a further increase after 
48 h (P<0001 compared with initial value). Neither 
2-oxoglutarate nor glutamic acid produced significant 
change but synthesis from alanine rose significantly 
(P<00I). 
Effect of added cofactors  on liver and kidney gluco-
neogenesis from FLKS-affected birds 
Gluconeogenesis is known to require a number of 
cofactors and to be stimulated by cyclic-AMP. The 
effects of their inclusion on glucose formation from 
pyruvate in FLKS birds are given in Table 5. 
Kidney slices, which are more active than 'controls' 
in producing glucose, were stimulated further by all 
cofactors, but only with NADH was the increase 
significant. Liver slices from FLKS-affected chicks, 
which showed minimal activity compared with con-
trols, were stimulated significantly only by biotin. 








Precursor, final concentration 10 mmol/litre 
2-oxo- 
Pyruvic 	Succinic 	glutaric 
acid acid acid 
Glutamic 
acid Alanine 
Fed ad libitum 
437±67 506+71 936+335 540±59 496±49 417±69 292±103 —l52+85 
(9) (4) (4) (5) (5) (5) (5) (4) 
Fasted 18 h 
318+51 568±100 182±64 lOt +12 802±112 349±40 18 7+28 132+142 
(9) (4) (4) (5) (5) (5) (5)  
Fasted 48 h 
31.24.4.8 71-4± 10- 1 107±50 539±11 - 4 246±i56 14 1 ±25 
(5) (5) (5) (5) (5)  
Results (difference between the quantities of glucose formed in the presence and absence of each precursor) are expressed 
as lLmoles of glucose formed/g dryweight/h and are given as the mean +SEM for thenumber of observations shown in brackets. 
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TABLE 5: Gluconeogenesis from sodium pyruvate by liver and kidney slices from FLKS-affected chicks in the presence of 
cofactors 
ATP GTP NADH Cyclic-AMP Biotin 
No cofactors 15 mmol/litre 15 mmol/litr 15 mmol/litre 02 mmol/iitre 10 mol/litre 
Liver 
52±20 20±07 8-1 ±4- 2 4- 0±1 4 33±20 13.5±1.7* 
(4) (4) (4) (4) (4) (4) 
Kidney 
742±87 936±54 868±178 Ill ±12* 108±11 976±77 
(4) (4) (4) (4) (4) (4) 
Results are expressed as i. moles glucose formed/g dry weight/h and are given as the mean ±SEM for the number of observa-
tions shown in brackets. Precursor concentration (pyruvate) was 10 mmoi/litre in each case. Significance of differences are 
based on a comparison of total glucose formation in the absence and presence of each cofactor. 
* Significant, P<005. 
Changes in blood chemistry in FLKS and 'control' 
birds 
Failure by the liver of FLKS birds to form glucose, 
as demonstrated in vitro, should if it occurs in vivo 
cause hypoglycaemia. This was found to be the 
case (Table 6), the mean level of plasma glucose in 
FLKS-affected chicks being approximately 44 per 
cent of the control level. Plasma pyruvate was 
significantly raised in FLKS which is consistent with 
a failure of hepatic gluconeogenesis. 
Failure of liver function is frequently accompanied 
by metabolic changes such as lowered protein 
synthesis, reflected by reduced plasma total protein, 
serum leucine aminopeptidase and cholinesterase 
and by necrosis which produces increased serum 
isocitrate dehydrogenase. While total protein was 
significantly lowered the serum enzymes remained 
unaffected (Table 6). 
Liver and kidney enzyme and glycogen levels in FLKS 
and 'control' birds 
The levels of glucose-6-phosphatase and fructose-I, 
6-diphosphatase, measured in both the liver and 
kidney were not significantly different in FLKS-
affected chicks from those of the controls (Table 7). 
Aspartate amino transferase activity was reduced in 
both liver and kidney of affected birds, but only the 
finding for liver was significant (P=005). Liver 
glycogen in affected chicks was about 20 per cent of 
control. 
Discussion 
Liver gluconeogenesis was readily demonstrated 
in the chicks designated 'normal' whether fed ad 
libitum or fasted for various periods of time. For the 
'control' birds, however, the results were not clear-
cut, there being little if any gluconeogenesis from 
certain precursors. Renal gluconeogenesis also 
differed in some respects between the two groups. 
For example, glucose formation, in the absence of 
precursors, in kidney slices from 'normal' chicks fed 
ad libitum was nearly 70 per cent greater than for the 
controls. For liver gluconeogenesis, some of these 
differences may be attributed to the inherent in-
accuracy of measuring relatively small differences 
between large figures (see, for example, the large 
standard errors in the top row of Table 3). Experi-
mental inaccuracies will doubtless also be a con-
tributing factor but the most important difference 
TABLE 6: Glucose, pyruvate, total protein and enzyme levels in plasma and serum of control and FLKS-affected broiler 
chicks 
Plasma Serum 
Total Leucine Jsocitric 
Glucose Pyruvate protein aminopeptidase dehydrogenase Cholinesterase 
(mg/100 ml) (mg/100 ml) (g/l00 ml) 	.. (milli u/mI) (milli u/mi) (milli u/mi) 
Controls 
267±70 	. 10±015 287±0087 152±118 268±80 805±22 
(12) (12) (32) (5) (5) (5) 
FLKS-affected birds 
1186±104*** 30±017*** 2.38±0.090** l36±90 303±84 525±70 
(14) (14) (16) (II) (II) (11) 
Plasma glucose, pyruvate, total protein and serum enzymes were assayed by the methods described in Materials and Methods 
Results are expressed as the mean ±SEM for the number of observations shown in brackets. 
** Very significant, P<00l. 
*** Highly significant, P<0001. 
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TABLE 7: Liver and kidney enzyme and glycogen levels in control and FLKS-affected broiler chicks 
Glucose-6-phosphatase 





(units/g wet weight/h 
x 10_ 2) 
Glycogen 
(mg/g wet weight) 
Liver 
Control 	 414±62 1045±282 828±54 081±0089 
(5) (5) (10) (10) 
FLKS 	 391+97 1237±116 692±36* 0.14±0021*** 
(5) (5) (10) (Ii) 
Kidney 
Control 	 304+47 221 ±64 721±64 ND 
(5) (5) (10) 
FLKS 	 183±58 318±77 621±61 
(5) (5) (10) 
Assays were performed by the techniques described in Materials and Methods on liver and kidney tissue removed from 
chicks suffering from FLKS and controls. The results are expressed as mean±SEM for the number of observations shown 
in brackets. 
ND not determined. 
* Probably significant, P=005. 
*** Highly significant, P<0'OOl. 
between the two groups lies in their differing diet 
and husbandry history. 
While it is strictly permissible to compare results 
from FLKS-affected chicks only with those in the 
'control' group, it is, perhaps, justifiable to suggest 
that the results obtained from the fasting of the 
'normal' chicks bear little resemblance to those 
obtained from the sick birds. Even so, there are 
certain apparent similarities between the fasting 
condition and FLKS. For example, a bird fasted for 
18 to 24 h will show reduced liver glycogen, normal 
or perhaps slightly reduced blood glucose, elevated 
free fatty acids (FFA) and reduced adipose tissue 
lipoprotein lipase activity. 
Liver from FLKS-affected birds was found to 
have little glycogen compared with that of the 
'control' group though it should be noted that, in 
the month following hatching, glycogen is normally 
low in comparison with mammals (Shulyak [1967] 
gives a figure of 098 mg/g). However, as shown by 
the in vitro experiments with the chicks in the 
'normal' group the liver does not lose the capacity 
to form glucose when the birds were fasted for up 
to 48 h. Thus the severe hypoglycaemia of FLKS 
stems from the virtual absence of liver glycogen and 
consequent failure of glycogenolysis. Coupled to this 
there must also be a failure of glycogenesis and 
gluconeogenesis, for liver glycogen and blood glucose 
would otherwise be normal. Failure of these syn-
thetic pathways is consistent with the observation of 
raised plasma pyruvate levels. The values found here 
for controls were lower than has been reported 
previously (Bell and Culbert 1967) which may be due 
to age and breed differences. 
The possibility of generalised hepatic failure was 
explored by assaying a number of parameters of liver  
function. Of these only plasma total protein proved 
to be abnormal. This, of itself, does not indicate 
impaired liver function since reduced plasma pro-
tein levels frequently accompany other conditions, 
especially renal failure. There is evidence that this 
may occur in FLKS, at least in its advanced stages, 
to judge by the occurrence of raised plasma urate 
concentrations (Bannister et a! 1974). The evidence, 
on balance, therefore does not favour general 
hepatic failure and this conclusion is supported by 
electronmicroscopical examination which reveals 
little, if any, necrosis (Siller and Wight 1975). 
Thus it is probable that a metabolic failure in 
some part of the gluconeogenic and/or glycogenic 
pathways is responsible for the observed hypo-
glycaemia and therefore a variety of potential glucose 
precursors were tested in vitro. Of these, glucose-6-
phosphate and fructose-I, 6-diphosphate were both 
adequate precursors. Furthermore, the enzymes 
glucose-6-phosphatase and fructose-I, 6-diphos-
phatase were demonstrated by direct assay and, 
therefore, the failure does not lie in this part of the 
gluconeogenic pathway. The fact that x-glycero-
phosphate could also be converted to glucose in-
dicates that the enzymes 3-phosphoglycerate kinase, 
glyceraldehyde dehydrogenase and aldolase were 
functional. 
The possibility of a lack of transaminases was also 
considered since they catalyse the first step in con-
verting glucogenic amino acids to glucose. Aspartate 
aminotransferase was chosen because it is readily 
assayed and present in high concentration in chick 
liver (Lee et a! 1972). The results show that activity 
was reduced in affected liver but it is doubtful 
whether this alone could account fully for the re-
duced glycogen levels observed in this tissue or its 
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failure to form significant quantities of glucose from 
other than the phosphorylated intermediates. In a 
previous publication (Evans eta! 1975), it was shown 
that 14C-labelled succinate was oxidised at a normal 
rate to 14 CO2, indicating functional integrity of the 
citric acid cycle. In this context, it should be noted 
that there was a small amount of gluconeogenesis 
from this precursor in FLKS-affected chick liver. 
Gluconeogenesis requires a number of cofactors 
which were included in one series of experiments 
using liver and kidney slices from affected birds. It 
was found that, in liver, biotin restored a small but 
significant amount of activity, the other cofactors 
being without effect. This observation may be of 
interest because biotin is a coenzyme for pyruvate 
carboxylase, a key enzyme in gluconeogenesis. 
The conversion of acetyl-CoA to malonyl-CoA, 
the first step in lipid synthesis, also requires a biotin-
containing enzyme and Balnave and Brown (1967) 
demonstrated decreased incorporation of acetate 
into liver lipids by biotin-deficient chicks. Evans et a! 
(1975) found reduced lipid synthesis from glucose 
in vitro in FLKS, suggesting that the observed 
changes in both carbohydrate and lipid metabolism 
could have a common cause. At present, however, it 
is not possible to reconcile this observation with the 
accumulation of lipids within liver and kidney unless 
they are of exogenous (eg, adipose tissue) origin. 
In describing the abnormalities of lipid metabolism, 
Evans et a! (1975) concluded that they were unlikely 
to be the sole cause of death. Hypoglycaemia, how-
ever, can cause death in ducks under experimental 
conditions (Evans 1969) and also as a naturally 
occurring disorder of baby pigs (Sampson 1958). In 
the latter condition death ensued within one or two 
days of birth and was characterised by glucose levels 
of less than 40 per cent of normal. The condition is 
due to failure of hepatic gluconeogenesis (Swiatek 
et a! 1968) but, unlike FLKS, is accompanied by 
reduced plasma FFA. Chronic experimentally in-
duced hypoglycaemia in immature ducks (produced 
by injections of protamine-zinc-insulin) was followed 
in some instances by death of the bird (Evans 1969). 
When this occurred, plasma glucose levels of less 
than 40 per cent of normal were observed. In another 
series of experiments with immature fowls (Evans 
1969), acute hypoglycaemia was accompanied by 
elevated FFA, thus resembling FLKS in this respect. 
Though hypoglycaemia observed in FLKS was 
somewhat less severe than in the two conditions 
discussed above, it should be remembered that 
necessity dictated the use of birds at varying stages 
in the progression of the syndrome before they died 
(or recovered), and even more severe hypoglycaemia 
may well be present in birds at the point of death. It 
is concluded, therefore, that hypoglycaemia is a 
major factor contributing to the death of chicks  
affected with FLKS and that this stems from failure 
of the liver to synthesize glucose and glycogen in 
amounts sufficient to meet their needs. However, the 
possibility that other factors, independent of carbo-
hydrate metabolism, may play an important role in 
the genesis and progression of FLKS is not ex-
cluded. 
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Carbohydrate absorption by chicks affected with the 
fatty liver and kidney syndrome 
D. W. BANNISTER, A. J. EVANS AND C. C. WI-HTEHEAD 
Agricultural Research Council's Poultry Research Centre, West Mains Road, Edinburgh 
42 
Chicks with fatty liver and kidney syndrome (FLKS) were 
given oral doses of one of the following test solutions: 
water, glucose, maltose, starch. Plasma glucose concentra-
tion was measured during the four subsequent hours. All 
FLKS-affected chicks were hypoglycaemic before treat-
ment. Although in some cases plasma glucose concentration 
increased slightly in the FLKS-chicks given water alone, 
significantly greater increases were invariably observed 
following the administration of carbohydrate to sick birds. 
Results obtained from dietary experiments in which starch 
was replaced by glucose in a ration causing high mortality 
from the syndrome revealed no beneficial effect due to the 
substitution. It was concluded that FLKS does not involve 
any major impairment of carbohydrate digestion or 
absorption. 
RESEARCH IS CURRENTLY being conducted at the Poultry 
Research Centre into the nature and causes of the fatty 
liver and kidney syndrome (FLKS) in chicks. This work 
has led to the formulation of carbohydrate-rich diets 
producing high mortality from the syndrome. Starvation 
overnight was also shown to increase mortality on the 
following day (Whitehead eta! 1975) and this observation, 
taken in conjunction with the finding of hypoglycaemia 
in affected chicks (Bannister et a! 1975), suggests that 
inability to digest and/or absorb carbohydrate might be 
a cause of spontaneous FLKS in susceptible birds. Other 
indications of this possibility stem from observations that 
FLKS may be prevented, or its incidence greatly reduced, 
by adding biotin to a diet that otherwise produces high 
mortality (Whitehead and Blair 1974b; Whitehead et a! 
1975) and from the finding of Poznanskaya (1957) that 
biotin deficiency in the chicken caused a marked decrease 
in amylase activity. Reduced amylase activity might im-
pair digestion significantly on a carbohydrate-rich diet. 
The possibility of a disturbance in carbohydrate 
absorption as a primary cause of the syndrome was 
investigated by following plasma glucose concentrations 
in affected chicks after administering oral loads of glucose, 
maltose or starch and also by replacing starch by glucose 
in a diet designed to elicit high mortality from the 
syndrome. 
Materials and methods. 
Birds 
The birds used in both experiments were Ross I broiler 
chicks obtained either from a commercial hatchery or 
from the centre's out-station. 
Experiment I 
Chicks (three to five weeks old) with FLKS were taken 
from pens in which a high incidence of the syndrome had  
been induced by feeding diet 7 described by Whitehead 
and Blair (1974a). Full details of husbandry are given 
elsewhere (Whitehead and Blair 1974a; Whitehead el al 
1974, 1975). Only moderately sick birds were chosen—
categories (ii) and (iii) as described by Whitehead (1975)—
to ensure that they would survive the 4 h experiment. 
Each bird was weighed and fed by tube a 50 per cent 
solution of glucose, or maltose, or a 50 per cent suspen-
sion of starch, such as to give a load of 10 g carbohydrate/ 
kg body weight. Other birds were given an equivalent 
volume of water. 
Blood was withdrawn from a wing vein immediately 
before administering the carbohydrate and at 05, 1, 2, 3 
and 4 h thereafter. Plasma was collected by centrifuga-
tion and glucose determined by a specific method 
(Morley et al 1968). 
At the end of the experiment the birds were killed and 
portions of liver, kidney, heart and proventriculus re-
moved for histological examination to confirm the 
diagnosis of FLKS. 
Healthy chicks, reared on a diet appropriate to age and 
containing adequate biotin, were used as controls. They 
were taken at four weeks old and subjected to the carbo-
hydrate absorption test described above. 
Experiment 2 
During a recent large-scale experiment of the type 
previously reported (Whitehead and Blair 1974a; White-
head ci al 1974, 1975), one group of 180 birds was fed 
diet 7 (Whitehead and Blair 1974a) whereas a group of 
90 were fed the same diet in which anhydrous D-glucose 
was substituted for starch. All birds which died were sent 
to the Ministry of Agriculture Veterinary Laboratory, 
Lasswade for post mortem examination. FLKS mortality 
at five and eight weeks was analysed as previously 
reported (Whitehead and Blair 1974a). 
Results 
Experiment 1 
Initial values for plasma glucose concentration demon-
strate that the FLKS-affected chicks were hypoglycaemic. 
Taking treatments as a whole, mean concentration for 
healthy chicks was 244±21 mg/100 ml and for FLKS-
affected birds 986±97 mg1100 ml, the difference being 
highly significant (P<000l). 
The changes in plasma glucose concentration following 
carbohydrate administration are shown in Fig I. In the 
lower portion of the diagram concentrations are expressed 
as mg/100 ml of plasma and in the upper portion each 
concentration is expressed as a percentage of the initial 
value. 
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FIG I: Glucose tolerance curves following administration of various carbohydrates: A= water, 
B=glucose. C=maltose, D=starch. The carbohydrates were administered as 50 per cent 
solutions to give a load of 10 g carbohydrate/kg body wt. Q=Controls; =FLKS-affected 
chicks. In Fig IA, ='unstable' group and LJ='stable', for explanation see text. Values are 
expressed as mean ± SEM 
The former mode of expression showed that when 
water was administered to FLKS-affected chicks, two 
maintained a more or less constant glucose concentration 
whereas four others, which started the experiment with 
a lower mean value, rose steadily throughout the 4 h 
period to reach a similar level. This difference in be-
haviour is clear in the upper portion of Fig IA. The two 
groups are designated 'stable' and 'unstable' respectively. 
However, the small number of observations make it 
necessary to be cautious in attaching any significance to 
the difference in behaviour. 
Glucose was absorbed by both healthy and sick birds 
(Fig IB), the latter eventually reaching concentrations 
similar to those in healthy chicks. The relative change, 
however, was much greater for FLKS-affected birds. 
Maltose (Fig IC) gave results similar to those obtained 
with glucose. 
Digestion of starch by healthy chicks caused a rise of 
around 10 percent in plasma glucose concentration which 
persisted throughout the 4 h period. On the other hand, 
affected birds exhibited a rise of about 240 per cent (Fig 
ID). 
Experiment 2 
Mortality to five weeks for birds fed the starch-contain-
ing diet was 278 per cent and to eight weeks 422 per 
cent. Corresponding figures for the glucose-containing 
diet were 200 and 433 per cent. At neither age was 
mortality significantly different. 
Discussion 
An interesting feature of the results was that four out 
of six affected chicks showed a considerable (approxi-
mately 190 per cent) rise in glucose concentration when 
given only water. This can probably be explained by one 
or both of the following: (a) absorption of glucose from 
carbohydrate already present in the alimentary tract; 
food was present in the gizzard in a number of cases 
examined at autopsy, (b) recovery of gluconeogenic 
capacity; it is known that birds can recover from FLKS 
(Whitehead 1975). For obvious reasons it was not possible 
to eliminate possibility (a) by fasting the chicks. 
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Even if it is assumed that all the chicks given a carbo-
hydrate load fell into the 'unstable' group, both relative 
and absolute changes in glucose concentration were con-
siderably greater in all cases, inferring that carbohydrate 
absorption had taken place. The greatest mean percentage 
change for the 'unstable' group was 190 per cent which 
compares with 325 per cent for glucose, 405 per cent for 
maltose and 240 per cent for starch. 
The results from experiment 2 support this conclusion 
by showing that dietary glucose is of no value in prevent-
ing mortality from FLKS. Thus, the hypoglycaemia 
reported by Bannister et a! (1975) to be ubiquitous among 
chicks affected with FLKS probably stems from the 
failure of hepatic gluconeogenesis which was also reported 
by the same authors and not from a failure to digest and 
absorb carbohydrate. 
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Changes in plasma lipid and glucose levels during the onset of 
fatty liver and kidney syndrome in chicks 
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Plasma glucose, free fatty acid and triglyceride levels 
were measured during the onset of fatty liver and 
kidney syndrome in chicks. Initial studies indicated 
that behavioural and clinical changes characteristically 
associated with the syndrome were observed only 
during the 24 h preceding death. A more detailed ex-
amination of the blood changes was made on fasted 
birds. Typically, affected birds could be distinguished 
from healthy fasted birds by a hypoglycaemia which 
developed within 25 h of the removal of food, and a 
slightly higher and more sustained elevation of free 
fatty acid levels. Triglyceride values were not generally 
different from those found in normal birds. Although 
moderate to large amounts of lipid were occasionally 
observed in the kidneys of healthy fasted birds, only in 
affected birds was significant lipid infiltration of the 
kidneys associated with a similar level of lipid in-
filtration of the liver. In extreme cases death from 
fatty liver and kidney syndrome could occur within 4 h 
of the removal of food. 
FATTY LIVER AND kidney syndrome (FLKS) in the 
broiler chick is a condition characterised by fatty 
infiltration of liver and kidneys and, to a lesser ex-
tent, of other tissues, the development of a marked 
hypoglycaemia and a raised level of plasma free fatty 
acid (Wight and Siller 1975; Siller and Wight 1976; 
Bannister et a! 1975; Evans et a! 1975). Birds which 
exhibit all these signs are clearly sick, can easily be 
distinguished from healthy birds in the same flock 
and usually die within hours. 
Although the onset of the syndrome appears to be 
sudden, little is known of the extent to which the 
plasma changes precede the development of the other 
characteristic signs. In this study plasma glucose, 
free fatty acid and triglyceride were measured before 
and during the onset of FLKS. As in earlier work 
(Whitehead et a! 1975) a high incidence of the syn-
drome was obtained by rearing birds on a specially 
formulated high-energy, low-protein, low-fat diet. 
Observations were made initially on cases which 
developed spontaneously on this diet, but for more 
detailed studies of the plasma and tissue changes, the  
syndrome was induced more predictably by fasting 
birds reared on the diet. 
Materials and methods 
Birds 
The birds used were Ross 1 broiler chicks obtained 
from either a commercial hatchery or the centre's 
out-station. Unless otherwise stated they were 
housed in four-tier-brooders, usually 12 birds to a 
compartment, and supplied with food and water ad 
libitum. 
Diets 
The basic diet used throughout was a wheat-based 
diet low in protein (18 per cent) and fat (2 per cent) 
content, known to produce a high incidence of 
FLKS. The composition and analysis of this diet 
(subsequently referred to as the FLKS diet) has 
been reported previously (Whitehead et a! 1976). 
Three further diets used were obtained from the 
FLKS diet by supplementing it with various in-
gredients to increase the protein, fat and biotin 
content while keeping the energy content constant 
(Table 1). 
TABLE 1: Composition of diets 
(FLKS) 
Crude protein (%) 18 18 18 22 
Fat (%) 2 2 4 4 
Biotin, total (mg/kg) 009 079 079 08 
Supplernentalt 0 070 070 070 
Metabolisable energy 
(MJ/kg) 125 125 125 125 
Complete composition of diet 1 is given in Whitehead et at (1976). 
Diets 2. 3 and 4 were obtained by altering the proportions of in-
dividual ingredients and adding cellulose as an inert filler 
Rovimix H (1% D-biotin) Roche Products Ltd, Dunstable, UK 
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Experiment 1 
Forty 18-day-old chicks were housed in separate 
cages and fed the FLKS diet. Food intake was 
measured daily. Every other day each bird was 
weighed and a blood sample was collected from a 
wing vein for the determination of plasma glucose, 
free fatty acid and triglyceride content. Where clini-
cal signs indicated the probable onset of FLKS all 
measurements and samples were taken daily there-
after until death. Observations were continued for 
18 days. All birds were examined post mortem and 
blocks of both liver and kidney were taken for histo-
logical examination. 
Experiment 2 
Eighteen 28-day-old chicks were used. They were 
reared from hatching on the FLKS diet. At the begin-
ning of the experiment food was removed and an 
alar vein blood sample was collected. General an-
aesthesia was then induced by intravenous admini-
stration of pentobarbitone sodium (Veterinary 
Nembutal; Abbot Laboratories, Kent) and main-
tained with diethyl ether, if necessary, while small 
biopsy samples were taken from a kidney and the 
liver. The liver specimen was obtained by laparo-
tomy and a portion of the posterior division of one 
kidney was removed through a trephine hole in the 
sacrum (Siller 1959). Topical application of thrombin 
(Thrombin, Topical (bovine); Parke-Davis & Co, 
Detroit) prevented excessive internal bleeding. 
Further blood samples were taken at approximately 
3 and 6 h after the beginning of the experiment, or at 
the time of death, when this occurred within the 
experimental period. Blood samples were obtained 
from a wing vein, except the final sample which was 
obtained by heart puncture. They were analysed for 
plasma glucose and free fatty acid concentration. 
At the end of the experiment surviving birds were 
killed by cervical dislocation. Post mortem collection 
of liver and kidney tissues was made from all birds. 
Experiment 3 
Birds were reared from hatching on one of four 
diets (Table 1). These were the standard FLKS diet 
(I) and three derived from this by increasing the 
content of biotin (2), or biotin and protein (3) and 
biotin, protein and fat (4). 
Birds were used when they were 28 days old. On the 
day of the experiment food was removed at 9.00 am, 
and serial blood samples were collected during the 
following 6 h. A final blood sample was taken by 
heart puncture and the bird was then killed by 
cervical dislocation. Pieces of liver and kidney were 
taken for histological examination. Glucose and free  
fatty acid levels were assayed in plasma and on one 
occasion plasma triglyceride concentration was also 
determined. A control group with unrestricted access 
to the FLKS diet was also included. The experiment 
was performed on four separate occasions. 
Analytical methods 
Plasma was obtained from heparinised blood by 
centrifugation (approx. 2500 g for 10 mm). Glucose 
was measured by the method of Morley et a/ (1968) 
and free fatty acids and triglyceride by methods used 
previously (Evans et a! 1975). 
Histological methods 
The diagnosis of FLKS was based on the examina-
tion of histological sections of liver and kidney 
tissues. Fresh tissues were fixed in 10 per cent formol-
saline and frozen sections stained with Sudan IV, 
with on some occasions counterstaining with 
haematoxylin. 
The degree of fatty infiltration in tissue samples 
was estimated by histological examination of Sudan-
stained frozen sections and data presented on a scale 
ranging from 0 (no lipid) to 4 (extensive infiltration). 
Data from birds of uncertain diagnosis were not 
used in these experiments. 
Results 
Experiment 1 
Over the 18-day period of this experiment JO out 
of the 40 birds died from FLKS. One of the 10 
deaths was accidental and was not included in this 
study. Deaths occurred throughout the experiment 
with the mean age at death being 29 days. The values 
of various parameters measured in the affected birds 
on the days preceding death are shown in Table 2. 
From these results it is apparent that there is little 
change in any of the measurements whereby birds 
which finally succumb to FLKS can be distinguished 
from healthy birds. Behavioural changes character -
istic of FLKS were only observed during the 24 h 
preceding death, and it was only during this period 
that any marked departures from normal values 
were observed in the affected birds. At this time food 
intake was reduced, plasma free fatty acids were 
markedly elevated and the birds became notably 
hypoglycaemic. 
The absolute values for the healthy group of 
surviving birds, both at the beginning and end of the 
experiment are given in Table 3. Only minor differ-
ences were observed between plasma measurements 
taken over this time interval. 
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TABLE 2: Experiment 1. Body weight, food intake and plasma triglyceride, free fatty acid and glucose levels on the days 
preceding death due to FLKS 
Days preceding death 
17 16 15 14 13 12 11 10 9 
Body weight 115' 118±7 113 120±8 110 117±6 111 118±5 106±3 
(1) (2) (1) (2) (1) (3) (1) (3) (2) 
Daily food 102±4 109±0 104±1 89±12 109±7 105±7 96±7 108±7 103±8 
intake (2) (2) (2) (2) (3) (3) (3) (4) (6) 
Plasma triglyceride 114 89+11 81 104+14 107 93+5 115+11 98+1 
(1) (2) (1) (2) (1) (2) (3) (2) 
Plasma free fatty 69+3 164 73+22 96 89+8 70+22 85+33 
acid (2) (1) (3) (1) (3) (3) (2) 
Plasma glucose 110 98±8 100 101±3 105 102±5 106 104±3 110±9 
(1) (2) (1) (2) (1) (3) (1) (3) (2) 
Days preceding death 
8 7 6 5 4 3 2 1 0 
Body weight 107±8 95±16 108±8 107±7 110±10 104±1 105±8 107±2 105±12 
(5) (2) (5) (3) (5) (4) (5) (4) (4) 
Daily food 102±6 102±7 103±7 102±6 103±7 102±4 107±6 86±10 25±9 
intake (6) (5) (6) (6) (7) (7) (7) (6) (7) 
Plasma triglyceride 77 ±5 82±5 103±19 95±13 114±22 104±6 120±32 84±14 99±38 
(5) (2) (5)  (5)   (4) (4) 
Plasma free fatty 70+12 116+38 96+2 93+6 120+22 98+29 113+61 624+208 
acid (5) (5)  (5)   (3) (4) 
Plasma glucose 103±3 106±7 106±3 100±6 101±4 100±6 93±2 99±8 54±12 
(5) (2) (5) (3) (5)   (4) (5) 
Results expressed as a percentage of the mean for healthy birds of the same age; values are means ± SEM; number of observations shown 
in brackets; total number of affected birds, 9 
TABLE 3: Experiment 1. Initial and final values for normal TABLE 4: Experiment 2. The incidence of fatty infiltration 
birds in liver and kidney tissues in birds developing FLKS 
Initial values 	Final values Fatty infiltration 
Age of birds (d) 	 18 	 36 
Liver 	 Kidney 
0 	1 	2 	3 	4' 	0 	1 	2 	3 	4 
Body weight (g) 225±4 641+13 
Daily food intake (g) 	 32+1 	76±4 (16) Initial biopsy 
Plasma triglyceride (mg/i 00 ml) 	150+14 (27) 142+10 (28) samples 	14 - - - - 	13 1 	- - - 
Plasma free fatty acids (timol/l) 257+16 (26) 302+21 (29) Final samples 	- 	10 	4 	- - 	- 	4 	10 	- 
Plasma glucose (mg/i 00 ml) 	236±4 (29) 	249±5 
Estimates of sudanophilic lipid content of frozen tissue sections; 
Values are means ± SEM for 30 surviving healthy birds; number of 0'(', 1, 2, 3, 4 represent respectively, no, small, moderate, large and 
observations shown in brackets when less than 30 great amounts of lipid 
In the liver '0' includes small amounts of normal paravascular lipid 
Experiment 2 
TABLE 5: Experiment 2. Plasma glucose and free fatty acid 
Histological examination of biopsied tissues col- levels in birds developing FLKS 
lected at 	the beginning of the experiment estab- 
Time (h) 
lished, retrospectively, that at this time all the birds 0 	25 	4'5 	55-6 
were free from FLKS (Table 4). FollOwing the 
removal of food one death due to FLKS occurred 
Plasma glucose 	234 + 5' 	120+8 	43 + 3 	72+12 
(mg/loo ml) (14) (14) (4) (8) 
3 h 45 min later, and another 4 h 48 min later. Of the Plasma free fatty 	307 +47 	1360 +67 	900 + 97 	957+ 56 
survivors remaining after 4'5 to 6 h of fasting, a acids (timol/l) (14) (14) (4) (8) 
further 12 birds were found to have a level of fatty 
infiltration in both liver and kidneys characteristic of 
'Values are mean 	+SEM; number of observations shown 	in 
- 
FLKS giving an overall incidence of 74 per cent. 
brackets 
The changes occurring in tissues and plasma of 
these birds are given in Tables 4 and 5. Although Experiment 3 
initial plasma glucose and free fatty acid values were The changes in plasma glucose, free fatty acids and 
normal, both were considerably altered 2'5 h after triglyceride concentration for the various, treatment 
the removal of food, groups are shown in Fig 1. In birds developing FLKS 
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FIG 1: Experiment 3. Changes in plasma glucose, trigly-
ceride and free fatty acids in fasted, FLKS and healthy birds. 
Values are means ±SEM; number of birds in each group 
shown in brackets below. Dietary treatments, and the condi-
tion of the birds: Diet 1: -- FLKS, fasted (15); —0—
healthy, fasted (II); - -- - healthy, fed (5); Diet 2: —A—
healthy, fasted (16); Diet 3: - -El-- healthy, fasted (12); Diet 
4: - -- - healthy, fasted (5) 
plasma glucose levels were lower than in other 
groups by 2 h and continued to decline thereafter. By 
contrast the initial changes in plasma free fatty acid 
levels of affected birds did not show any distinctive 
differences from those of the various groups of 
healthy birds. However, in sick birds a higher and 
more sustained increase in fatty acid levels was ob-
served over the 4 to 6 h period. At 6 h the plasma 
free fatty acid levels in birds fed diets 3 and 4 showed 
a greater return towards their initial values. 
Plasma triglyceride values in FLKS birds generally 
tended to be greater than in healthy birds, although 
these differences were small. By 5 h only one of the 
11 birds in the sick group had developed a hyper-
lipidaemic plasma (600 mg/100 mg). This value was 
responsible for the increased mean and standard 
error value in the 5 h measurement. 
Table 6 shows the results obtained by histological 
examination of tissues from all the birds in this 
experiment. A substantial incidence of fatty infiltra- 
TABLE 6: Experiment 3. The incidence of fatty infiltration in 
liver and kidney tissues from FLKS and normal birds 
Fatty infiltration 
Condition 	Liver 	 Kidney 
Diet 	of bird 0 	1 	2 3 	4f 	0 	1 	2 	3 	4 
1 FLKS - - 7 16 1 	- - 4 19 1 
fasted 
(24) 
1 Healthy, 7 2 - - - 	2 2 3 2 - 
fasted (9) 
1 Healthy 2 1 2 - - 	5 - - - 
fed (5) 
2 Healthy, 14 1 	1 - - 	10 	1 	4 	1 - 
fasted (16) 
3 Healthy, 7 2 - - - 	9 - - - - 
fasted (9) 
4 Healthy, 5 - - - - 	3 1 1 - 
fasted (5) 
Tissues collected at the end of the experiment 
Estimates of sudanophilic lipid content of frozen tissue sections; 
0, 1, 2, 3, 4 represent respectively, no, small, moderate, large and 
great amounts of lipid 
T Number of birds examined shown in brackets 
tion of the kidney occurred in healthy birds on 
various treatments, which was in many cases not 
associated with any fatty infiltration of the liver. 
There was no incidence of FLKS either in fed birds 
or fasted birds fed the supplemented diets. 
The incidence of FLKS in birds reared on the 
FLKS diet and fasted was 60 per cent. 
Discussion 
Previous studies have shown that FLKS is a meta-
bolic disorder influenced by nutritional, in particular 
low biotin levels, and environmental factors (White-
head and Blair 1974; Whitehead et a! 1975; White-
head et a! 1976; Payne et a! 1973). Clinically the 
progression of the condition is rapid and sick birds 
have characteristic infiltrations of lipid in tissues and 
alterations of blood glucose and lipid levels (Bannis-
ter et a! 1975; Evans et a! 1975; Wight and Siller 
1975). The results of the present experiments de-
monstrate that none of these changes are apparent 
before the onset of the clinical signs of the syndrome. 
However, after the initiation of the syndrome, the 
changes occur with such rapidity that birds can, in 
extreme cases, die within 4 h. 
A major characteristic of FLKS is a marked and 
probably lethal hypoglycaemia due, in part at least, 
to a gross failure of hepatic gluconeogenesis (Bannis-
ter et a! 1975; Bannister 1976). In the present ex-
periments where FLKS was induced by fasting, 
within 25 h a considerable hypoglycaemia had 
developed which became progressively more severe 
as the experiment proceeded. Although blood 
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healthy birds, values below 200 mg/100 ml were only 
very rarely encountered. The plasma glucose changes 
were the most distinctive feature associated with the 
onset of FLKS and confirm the aetiological signi-
ficance of the breakdown of hepatic gluconeogene-
sis in this condition. 
It was more difficult to characterise changes in 
the plasma lipids peculiar to FLKS. As reported 
previously (Evans et 0/ 1975) although hyper-
triglyceridaemia does occur, more commonly plasma 
triglyceride values are normal. In our experiments 
plasma triglyceride values during the onset of FLKS 
varied little from those found in normal healthy 
birds. Furthermore the initial increase in plasma 
free fatty acid levels produced by fasting was similar 
for both affected and healthy birds. However during 
the last 2 11 of a 6 h fasting period the high levels 
found in the affected birds were greater than those 
found in the healthy birds. 
This result was particularly interesting since it 
was shown that rapid and extensive fatty infiltration 
of the liver and kidney tissues could also occur 
within the same 6 h experimental period. From the 
evidence currently available it was proposed earlier 
(Evans et al 1975; Siller and Wight 1976) that fatty 
infiltration of these tissues arises from the uptake of 
plasma lipid. As the results indicate, hypertriglycerid-
aemia does not always occur during the onset of 
FLKS, and therefore it is more likely that plasma 
free fatty acids represent the major source of lipid 
which is taken up and esterified to triglyceride within 
the liver and kidney tissues. In order that this latter 
step should occur, glycerol must be available. As 
this would normally be synthesised from glucose, in 
the FLKS bird where severe hypoglycaemia accom-
panies the almost total failure in hepatic gluconeo-
genesis, the availability of glycerol is unlikely to be a 
significant factor contributing to the different pro-
posed rates of esterification of plasma free fatty acids 
in the peripheral tissue of the FLKS and healthy 
fasted birds. 
Since for most of the experimental period the 
plasma free fatty acid levels in the affected birds were 
indistinguishable from those for the healthy fasted 
birds on the same diet, elevated plasma free fatty 
acid per se is unlikely to be the only factor contri-
buting to the different degree of fatty infiltration of 
the tissues occurring between the two groups. The 
overall basis for the fatty infiltration in the tissues 
of affected birds therefore remains unclear. 
In healthy fasted birds the incidence and degree of 
fatty infiltration of the kidney was considerably 
greater than that in the liver, particularly for those 
birds fed the FLKS diet (experiment 3). This finding 
confirms the need to establish both a fatty infiltra-
tion of kidneys and liver in the diagnosis of the 
syndrome. 
Lipid deposits in the liver and kidneys of affected 
birds are of two forms, large droplets or lipoprotein-
like particles (Siller and Wight 1976). However 
although both forms may be derived from a common 
plasma precursor, the free fatty acids, the factors in-
fluencing their rate of accumulation in the tissue may 
be diverse, particularly for the lipoprotein-like ma-
terial. In both tissues much of the lipoprotein-like 
lipid is extracellular. In the case of liver this repre-
sents an accumulation of this material in the 
space of Disse, from which it would normally be 
discharged into the bloodstream, whereas there is no 
normal route for the release of lipoprotein-like 
material from the kidney into the circulation. This 
finding suggests the presence of an additional abnor-
mality contributing to this form of lipid deposition 
in the liver. 
These experiments have shown that acute fasting 
can induce a very rapid development of the major 
symptoms associated with FLKS. Although food 
intake is greatly reduced during the last 24 h pre-
ceding death where FLKS occurs spontaneously, the 
extent to which fasting contributes to the onset of 
the syndrome in these circumstances is unknown. 
Considerable metabolic changes also occur in young 
healthy chicks exposed to very short periods of 
fasting (Leveille et a! 1975). Broiler chicks however 
reared on an FLKS type diet are especially vulnerable 
to the effects of short periods of food removal, 
since this treatment has been found to produce a 
high incidence of FLKS. 
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Abstract—I. Susceptible chicks fed on FLKS-inducing diet could die from the syndrome within 7 hr 
after withdrawal of food.. Exceptionally, ctinicaFsigns were observed after as little as 0.5-1.5 hr fasting. 
Liver glycogen was depleted rapidly by fasting in both susceptible and non-susceptible birds 
and less than 10% remained after 6 hr. 
Plasma glucose in susceptible birds was below physiological levels by 2 hr after removal of food. 
In susceptible birds, glucose 6-phosphatase activity did not increase on fasting, due apparently• 
to failure of protein synthesis. 
4 4• 
INTRODUCTION. 
Fatty liver and kidney syndrome (FLKS) is a meta-
bolic disorder of young chicks that frequently leads 
to death between 3 and 5 weeks of age. The disorder 
has a nutritional origin and may be prevented by 
ensuring that the birds have' an adequate supply. of 
dietary biotin (Payne et al., 1974; Whitehead & Blair, 
1974a; Whitehead et al., 1976).: 
The major metabolic abnorrnalityinbirds affected 
by FLKS is severe impairment of hepatic gluconeo-
genesis associated with very low activity of the' biotin-
dependent enzyme pyruvate carboxyláse (pyruvate-
CO 2 ligase) (ADP forming EC 6.4.1.1) (Balnave et al., 
1977; Bannister, 1976; Bannister et al., 1975). How-' 
ever, it is now believed that the appearance of clinical 
signs of FLKS is the terminal stage of a series of 
abnormal metabolic developments involving the ap-
pearance of hepatomegaly associated with low levels 
of pyruvate carboxylase (see review by Bannister, 
1979). Recently, Whitehead et al. (1978) have demon-
strated the occurrence of very low levels of pyruvate 
carboxylase in a proportion of birds fed a syndrome-
inducing diet, in spite of an apparently healthy appear-
ance and normal plasma glucose concentrations. 
However, when subjected to short-term fasting these 
chicks had a higher probability of developing FLKS 
than did their flock-mates. 
These observations have prompted the present in-
vestigation into the metabolic events associated with 
the transition from an apparently healthy state into 
one where the clinical signs of FLKS are evident with 
particular emphasis on the possible role of hepatic 
glycogen. 
METHODS AND MATERIALS 
Birds and housing 
The birds used were female Ross I broiler chicks 
obtained from a commercial hatchery at I day-old. They  
were housed in a 4-tier heated brooder and allowed un-
restricted access to' water and to one of the three diets 
described below. They were used for experiments when 
approx 4 weeks old. 
Diet 
The 3 diets used were as follows: (a) 'a reference diet. 
the FLKS-inducing diet of Whitehead & Blair (1974b) 
supplemented with biotin at a level of 0.7 mg/kg, (b) the 
FLKS-induciñg diet and (c) the same diet modified as 
follows: wheat increased from 65 to 72%, herring meal 
reduced from 6.3 to 6%, starch reduced from 12.5 to 12%, 
Promiñe D increased from 3.1 to 7%, soybean meal omit-
ted and replaced by supplements of methionine 0.2% and 
lysinc 0.1%. 
Diet (c) was included because it became apparent during 
the course of the investigation that diet (b) was not consist-
ently producing the expected proportion of susceptible 
birds. The reason was not investigated but was due, most 
probably, to variations in the amount of available biotin 
between different batches of ingredients used. Diet (c) had 
a similar overall composition to diet (b) except that the 
available biotin content was reduced by the omission of 
soybean meal. 
Assay methods 
Glycogen was measured by the method of Keppler & 
Decker (1974) as described previously (Cleland & Bannis-
ter, 1979). 
Hepatic glycogen synthetase (UDP glucose: glycogen 
a4-glucosyltransferase EC 2.4.1.11) was measured accord-
ing to the method of Singh et at. (1976). Activity of the 
enzyme measured in the presence of 10 mM-glucose 
6-phosphate was regarded as total synthetase activity, and 
that assayed in the absence of glucose 6-phosphate as,due 
to the a form' of the enzyme. 
Hepatic glycogen •phosphorylase (a- I ,4-glucan : ortho-
phosphate glucosyl transferase, EC 2.4.1.1) activity was 
measured in whole homogenates prepared in 0.15 M-KF 
in the ratio 3:10 (w/v) with minor modifications of the 
method of Singh et al. (1976). The reaction mixture con-
sisted of, 0.067 M-citrate buffer p .11 .6.0;   0.075 M-KF; 
0.005 M-AMP; 0.15 M-glucbsé'1hosphate and 1.5% (w/v). 
glycogen in a final volume of 1.0 ml. The reaction was 
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started by the addition of 0.1 ml homogenate and incu-
bated for 10min at 38"C. The reaction was stopped by 
addition of I ml 10%, (w/v) trichloroacetic acid and the 
precipitated protein was removed by centrifugation at 
approx. 25009. Phosphate in the supernatant was 
measured by an automated version of the method of Fiske 
& Subbarow (1925). 
Glucose 6-phosphatasc (u-glucose 6-phosphate. phos-
phohydrolase. EC 3.1.3.9) was measured according to 
Harper (1963) in uncentrifuged homogenate at 38'C. 
Released phosphate was determined as mentioned above. 
Pyruvate carboxylase was determined as described pre-
viously (Bannister. 1976). 
Plasma glucose was determined by an automated glu-
cose oxidase technique (Morley ci al., 1968). 
Diagnosis of FLKS 
In the short-term fasting experiment to study the inci-
dence of FLKS (see later), birds were identified by the 
clinical signs shown, as described by Whitehead (1975) and 
the histological signs as described by Wight & Siller (1975). 
Chemicals 
All chemicals were analytical or reagent grade and were 
used as supplied (British Drug Houses, Poole, U.K.). The 
Tris used in the pyruvate carboxylase assay was recrystal-
lized as described by Sutherland. & Wosilait (1956). Puri-
fied enzymes, co-enzymes and adenylates were purchased 
from Boehringer (U.K.) Ltd and from Sigma (U.K.) Ltd. 
Sodium [ 14C]bicarbonate (0.1 mCi/mmole) was obtained 
from the Radiochemical Centre, Amersham, U.K. 
EXPERIMENTAL DESIGN 
Short-term fasting and the incidence of FLKS 
The experiments were performed using 260 chicks reared 
on diet (b) under the standard lighting conditions which 
were 23 hr light and I hr darkness from 2400 to 0100 hr. 
The birds were allocated 10 per cage and two experiments 
were carried out: one during the night and the other 
during the following day. 
In the first experiment. 7 groups, each of 2 cages were 
used. A control group had unrestricted access to feed 
throughout the experiment and the amount consumed was 
measured at I hr intervals commencing at 2400 hr. Feed 
was removed from the remaining 6 groups at 2400 hr and 
was returned to one when the lights came on (0100 hr). 
Feed was returned to successive groups at 0130. 0200.0300. 
0400 and 0700 hr. The experiment was terminated at 
0700 hr and at that time the condition of each bird was 
assessed. Surviving birds were killed by intravenous injec-
tion of Sagatal (pentobarbitone sodium. May & Baker 
Ltd.. Dagenham. U.K.) and samples of liver and kidney 
were taken for histological examination. 
The second experiment commenced at 0900 hr when five 
groups, each of 2 cages. were fasted for 0.5. I. 2. 3 or 
6 hr. A sixth group, which was not tasteu, servea as a 
control. The experiment was terminated at 1500 hr when 
all birds were examined as above. 
Short- term fasting and metabolism 
Chicks reared on each of the three diets described earlier 
were subjected to fasting for periods varying from 0 to 
6 hr (no restriction was placed on access to water) after 
which they were weighed and killed by intravenous injec-
tion of Sagatal. Blood was collected in a heparinised vessel 
following section ofajugular vein. The liver was then care-
fully removed and weighed in a beaker of ice-cold 0.9° c 
NaCl. Chicks fed diet (b) were accepted if their livers con-
stituted less than 4% of body wt. and were designated 
"low-risk". Chicks fed diet (c) were accepted with livers 
representing more than 4% of body wt. and were desig-
nated "high-risk". However, in order to detect possible  
differences in enzyme activities due to including diet (c) 
in this experiment, a 0-time group taken from diet (c) but 
with livers of less than 4% body wt., was also included. 
This group was called "low-risk (diet c)". 
A portion of liver was frozen in liquid N 2 as quickly 
as possible after weighing, and stored frozen until glycogen 
content was determined. Suitable portions of the remaining 
tissue were homogenized in appropriate buffers for the 
assay of glucose 6-phosphatase, glycogen phosphorylase. 
glycogen synthetase and pyruvate carboxylase by the 
methods described above. Plasma was collected by centri-
fugation at approx. 2500y for IS min and stored frozen 
until analysed for glucose concentration. 
Glycogen concentration is expressed as pmole glucosyl 
units/ lOOg body wt., enzyme activities as pmole product/g 
wet wt. per hr and glucose concentration as jmole/ml. 
Effect of actinomtcin D on glucose 6-phosphatase activitt' 
For this experiment chicks reared on diet (a) were used. 
One group was injected intravenously with actinomycin 
D at a dosage of 150-160pg/lOOg body wt. A second 
group received sham injections, after which all the chicks 
were fasted for 4 hr. They were then killed by intravenous 
injection of Sagatal and portions of liver removed for assay 
of glucose 6-phosphatase. Enzyme activities were also 
determined in a third, non-fasted group which served as 
it reference. 
Gluconeogenesis in vitro 
An attempt to simulate the onset of FLKS in vitro was 
made using liver slices from birds reared on diet (b). In 
the first experiment, slices (0.4 mm thick) were prepared 
from fed chicks classified as "high-risk" or "low-risk" as 
described earlier, and incubated in 4 ml of Krebs—Ringer 
solution according to Bannister ci al. (1975) except that 
no glucose precursor was included. Net  glucose release was 
measured at various times up to 2.5 hr. In the second ex-
periment, slices were incubated as above for a period of 
1.5 hr and were then transferred to a second series of flasks 
to which one of the following precursors was added; fruc-
tose. glycerol. pyruvate or lactate. The final concentration 
of each precursor was 10 mmole/l. The rate of gluconeo-
genesis was assessed after a further 2 hr incubation and 
results expressed at (net) ;imol glucose/hr per g dry wt. 
RESULTS 
Effect of' short-term fasting on the incidence of FLKS 
The results from both experiments are given in 
Table 1. None of the control birds in the first (night) 
experiment showed any signs of FLKS and during 
the period of darkness they consumed 12 g of feed. 
This rose to 83 g during the period 0100 to 0200 hr 
and thereafter stabilized at about 50 g/hr. The group 
deprived of food during the 1 hr dark period pro-
duced 2 birds showing clinical signs of FLKS and 
the group deprived of food for only a further 0.5 hr 
contained 2 dead birds (assessed at the end of the 
experiment in both cases). 
In the second experiment, histological signs of 
FLKS were seen in 1 bird subjected to 0.5 hr fast 
and I bird fasted for 1 hr showed clinical signs. In 
both experiments fasting for 3 hr or more resulted 
in a large incidence of FLKS. 
Effect of short-terni fasting on ,netabo!is,n 
Data for non-fasted chicks reared on the 3 diets 
are given in Table 2. Diet (c) produced a diminution 
in growth-rate compared with diet (a) and, as 
expected, the livers of "high-risk" birds were signifi- 
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Table I. Occurrence of FLKS in groups of birds fasted for different lengths of time during the night or following 
day 
Length of fast 
(hr) Dead 
Condition of birds at the end of the experiment 
Showing clinical 	Showing histological 
signs of FLKS signs of FLKS 	Total 
Night expt. 0 0 0 0 0 
1200 hr-0700 hr I 0 2 0 2 
1.5 2 I 0 3 
2 1 3 0 4 
3 3 3 I 7 
4 5 6 I 12 
7 3 8 2 13 
Day expt. 0 .0 0 0 0 
0900 hr- I 500 hr 0.5 0 0 I . 
0 I I 2 
2 I I 0 2 
3 	 . I 2 I 4 
6 2 7 5 14 
The birds used were 4-week-old'female Ross I broilers reared on the FLKS-inducing diet of Whitehead & Blair 
(1974). Groups of 20 chicks were subjected to fasting for the lengths of time shown. At the end of the experimental 
period they were assessed for the presence of FLKS as described in the Methods and Materials section. 
cantly larger than either diet (a) birds or 'low-risk 
(diet c)". Of the enzymes studied, only pyruvate 
carboxylase showed any change attributable to diet. 
Activity in chicks fed diet (b) was significantly lower 
than. with diet (a) although not as low as had been 
anticipated. Birds fed diet (C) had even lower activities 
and, in agreement with earlier work (Whitehead et 
al.. 1978) "high-risk" chicks possessed lower activities 
than low-risk" ones. 
The effect of fasting on hepatic glycogen and 
plasma glucose is shown in Table 3. It is apparent 
that glycogen is depleted very rapidly, there being less 
than 10% of initial content remaining after 6 hr. There 
was, however, no substantial difference in behaviour 
between "high-risk" birds and the other 2 groups. In 
contrast, plasma glucose concentration reacted very  
differently. There was a slight but significant fall in 
both the reference and "low-risk" groups that was 
apparent after 1 hr. The "high-risk" birds maintained 
their plasma glucose concentrations at a significantly 
higher level than either of the other 2 groups after 
1 hr (P <0.05 compared with the pooled data for the 
two groups) but thereafter they fell drastically to 
levels characteristic of clinical FLKS. 
Changes in the activities of key enzymes on fasting 
are given in Table 4. Glycogen phosphorylase activity 
did not alter during the experimental period and there 
were no detectable differences between the 3 cate-
gories. 
In contrast, glycogen synthetase (total activity) 
tended to decline. By 6 hr "low-risk" chicks exhibited 
a significantly lower level of activity than at 0-time 









Weight (g) 512 ± 29(8) 548 ± 27(9) 363 ± 31 (6)** 380 ± 14(6)** 
Liver ( 	of . body wt.) 3.3 ± 0.11(8) 3.3 ± 0.10(9) 3.2 +0.21(6) 4.5 ± 0.12(6)***ttf 
Glycogen 349 ± 62(8) 273 ± 52(9) 559 ± 140(6) 338 ± 80(6) 
(pmol glucosyl - 
units/lOOg) 
Plasma glucose 13.9 ± 0.17(8) 14.0 +0.28(9) 14.2 +0.60(6) 13.6 ± 0.60(6) 
(iimol/ml) 
Glucose 6-phosphatase 1103 ± 130(6) 966 ± 93(6) 1250 ± 252(6) 917 ± 129(6) 
Pyruvate caiboxyIase 3428 ± 141(8) 2486 ± 365(8)* 877 ± 190(5)*** 276 ± 138 (6)***t 
Glycogen phosphorylase 517 ± 30(8) 521 ± 31(9) 546 ± 44(6) 508 ± 52(6) 
Glycogen synthetase 293 ± 16(8) 301 ± 12(9) 307 ± 23(6) 262 ± 28(6) 
(total) 
Y.-form (,) 44.0+ 2.2(8) 44.2 ± 2.5(8) 49.1 ± 2.5(6) 46.6 ± 2.78(6) 
Broiler chicks were reared on I of 3 diets (for details, see Methods and Materials) and were used when 4-5 weeks 
old. They were placed in appropriate categories depending upon whether the liver was greater, or less than 4 of 
body wt. Enzyme activities were determined on fresh tissue by the techniques described in Methods and Materials 
and are expressed as pmol product/hr per g wet WI. at 38C. All data are presented as the mean ± SEM for the 
number of observations in parentheses. - 
* P < 0.05. ** P < 0.01. 	P <0.001 compared with diet (a). 
t P < 0.5. ttP P < 0.001 compared with diet (c) "low-risk". 
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Table 3. Effect of fasting on liver glycogen and plasma glucose concentrations 
Diet category 
0 
Duration of fast. hr  
1 	 2 	 4 
Liver glycogen (pmol glucosyl units/100 g body wt.) 
6 
(a) Reference 349 ± 62 279+ 80 137+40 0 ± 29 13 ± 3 
(b)"Low-risk" 273 ± 52 486 ± 173 165 ± 66 23 ± 6 20 ± 6 
"High-risk" 338 ± 80 341 ± 191 (c) 172 ± 88 25 ± 4 17 ± 3 
Plasma glucose (pmol/ml) 
Reference 13.9 ± 1.7 11.9+0.20 11.3 +0.44 11.6 ± 0.32 10.7 +0.66 
"Low-risk" 14.0+0.28 12.3 ± 0.40 11.5 +0.25 10.7+ 0.86 11.2 ± 0.46 
"High-risk" 13.6 +0.60 13.9 ± 0.60 8.0+ 1.4 4.5 ± 0.70 5.3 ± 1.3 
Broiler chicks were reared on I or 3 diets (for details, see Methods and Materials) and were used when 4.-5 weeks 
old. They were placed in appropriate categories depending upon whether the liver was greater, or less than 4% of 
body wt. Data are expressed as the mean ± SEM for between 5 and 9 observations in each category and at each 
period of fasting. 
and for the "high-risk" category significantly lowered 
values were observed at 4 and 6 hr. Indeed, these 
latter values were significantly below the correspond-
ing levels of the reference groups. Activity of the 
a-form of the enzyme (expressed as a percentage of 
total activity) fell significantly after I hr in both the 
reference and low-risk" categories and tended to 
remain low although there were 2 anomalies (at 6 hr 
in the reference group and at 4 hr in the "low-risk" 
group). Activity of the a-form also fell in the "high-
risk" group but was less marked due to the greater 
variation amongst individual birds. 
Pyruvate carboxylase activity showed a downward  
trend during fasting. Significant reductions were 
apparent by 4 hr in both the reference and low-risk" 
categories. Activity in "high-risk" birds was much 
lower in non-fasted birds than in either of the other 
2 groups and showed little tendency to fall further 
during fasting. 
The activity of glucose 6-phosphatase had increased 
significantly after 4 hr in both the reference and "low-
risk" groups. In the "high-risk" category, however, 
activity remained more or less static with respect to 
time, with the consequence that the 4 and 6 hr values 
were significantly below the corresponding values for 
reference chicks. 
Table 4. Effect of fasting on hepatic enzyme activities 
Diet category 0 I 
Duration of fast. hr  
2 4 6 
Glycogen phosphorylase 
(a) Reference 517 ± 30 593 ± 47 547 ± 37 592 ± 64 575 ± 68 
(b)"Low-risk" 521 ± 30 610+ 53 522 ± 69 497 +40 565 ± 24 
(c) "High-risk" 508 ± 52 516 ± 55 583 ± 43 490+ 63 455 ± 44 
Glycogen synthetase (°,, a-form in parentheses) 
(a) Reference 293 ± 16 281 ± 24 279 ± 23 279 ± 26 242 ± 25 
(44.0 ± 2.2) (35.4 ± 1.2°°) (32.5 ± 3.2°°) (43.5 ± 4.4) (32.7 ± 30**) 
(b)"Low-risk" 301 ± 12 316 ± 26 281 ± 19 270 ± 27 249 ± 22* 
(44.2 ± 2.5) (37.8 ± 2.7) (34.2 ± 1.8*) (32.4 ± 4.6*) (44.4 ± 4.7) 
(c) "High-risk" 262+ 2.8 249 ± 21 249 ± 27 172 ± 22° 141 ± 12°° 
(46.6 ± 2.8) (43.5 ± 4.0) (37.5 ± 1.8°) (38.4 ± 4.5ff) (35.9 ± 5.3)t+ 
Pyruvate carboxylase 
(a) Reference 3428 ± 141 3498 ± 182 3042+ 180 2537 ± 356° 2476 ± 460° 
(b)"Low-risk" 2872 ± 242 2194 ± 27.5 2143 ± 309 1782 ± 282° 1686 ± 276° 
(c) "High-risk" 276 ± 139 136 ± 64 77 ± 18 123 ± 31 90 ± 25 
Glucose 6-phosphatase 
(a) Reference 1103 ± 130 1130 ± 75 1167 ± 165 1710 ± 178° 1597 ± 176° 
(b)"Low-risk" 966 ± 93 938 ± 104 1143 ± 147 1702 ± 336° 1453 ± 120°° 
(c) "High-risk" 917 ± 129 887 ± 119 827 ± 152 719 ± 106ttt 800+ 142ff 
Broiler chicks were reared on 1 of 3 diets (for details, see Methods and Materials) and were used when 4-5 weeks 
old. They were placed in appropriate categories depending upon whether the liver was greater, or less than 4° of 
body wt. Enzyme activities were determined on fresh tissue by the techniques described in Methods and Materials 
and are expressed as pmol product/hr per g wet wt at 38C. Data are presented as the mean ± SEM for between 
5 and 9 observations in each category and at each period of fasting. 
° P <0.05. °° P <0.01, compared with 0-time values. 
tt P <0.01, ft P < 0.001 compared with corresponding values of reference birds. 
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Table 5. Effect of actinomycin D on hepatic glucose 
6-phosphatase activity after fasting for 4 hr 
Actinomycin 
Sham-injected 	D-injected 
0-time 	(;imol product/hr per g wet wt. at 38C) 
934 ± 108(4) 	1158 ± 109(5) 	783 ± 52(4)* 
Chicks reared on diet (a) were either killed immediately 
(0-time), sham-injected or injected with actinomycin D 
(150-160pg/lOOg body wt). After a 4hr last these chicks 
were killed and glucose 6-phosphatase activity determined. 
Results are expressed as the mean ± SEM for the number 
of observations in parenthesis. 
* P < 0.05 compared with the sham-injected group. 
Effect of acti?ionycin D on glucose 6-phosphatase 
activity 
Fasting caused a significant rise in glucose 6-phos-
phatase activity in both reference and "low-risk" birds 
but not in "high-risk" ones (see above). In order to 
examine whether this rise was the result of protein 
synthesis, a number of chicks fed diet (a) were treated 
with actinomycin D. The results are given in Table 5. 
The effect of fasting on sham-injected birds was not 
as great as in the previous experiment although there 
was a rise in activity it failed to reach the level of 
statistical significance adopted. The birds injected 
with actinomycin D, however, showed a slight 
(though not significant) fall with respect to the 0-time 
controls, but their mean activity was significantly 
below that of the sham-injected chicks. 
Table 6. Gluconeogenesis by liver slices prepared from 
"high-risk" and "low-risk" birds fed an FLKS-inducing 
diet following 1.5 hr preincubation 
"Low-risk" 	 "High-risk" 
pmOl glucose released/hr per g dry wt. 
Precursor 	 at 38C 
None 17.8 ± 2.8 12.8 ± 4.9 
Fructose 84.4 ± 7.6 10.5 ± 3.0*** 
Glycerol 9.3 ± 1.6 0 ± 2.0** 
Pyruvate 53.3 ± 8.4 5.4 ± 
Lactate 71.6 ± 7.0 	. 7.9 ± 
Chicks were reared on diet (b) and were used when 4-5 
weeks old. They were placed in appropriate categories 
depending upon whether the liver was greater, or less than, 
4'.4 of body wt. Slices were prepared and pre-incubated 
for 1.5 hr before being transferred to a second series of 
vessels for gluconeogenesis assay (full details are given in 
Experimental Design). Each precursor was present at a 
final concentration of 10 mmole/l. Results are given as the 
mean ±SEM for 6 observations ("low-risk") and 4 obser-
vations ("high-risk"). 
** P <0.01, 	P <0.001 compared with "low-risk" 
category. 
Gluconeogenesis in vitro 
In the first experiment the extent of (net) glucose 
release by liver slices was studied (Fig. 1). It was 
apparent that glucose was more readily released from 
slices prepared from the livers of "low-risk" birds. 
In the second experiment the rates of gluconeo-




















0 	 05 	 1.0 	 1.5 	 2.0 	. 	25 
Time, hr 
Fig. I. Release of glucose from liver slices prepared from "high-risk" and "low-risk" birds fed on 
FLKS-inducing diet. Chicks were reared on diet (b) and were used when 4-5 weeks old. They were 
placed in appropriate categories depending upon whether the liver was greater, or less than 4 of 
body wt. Slices were prepared and incubated as described under Experimental Design and glucose 
released into the medium was determined at the times indicated. Results are shown as the mean 
with vertical bars representing SEM for the number of observations in parentheses. 
-0- "high-risk'.. -TO-- = "low-risk". 
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following pre-incubation of liver slices for 1.5 hr. The 
data are given in Table 6. Although the rate of glu-
cose release in the absence of precursor was similar 
in both groups (although lower in the "high-risk" 
category, in keeping with the first experiment), 
gluconeogenesis was reduced by 85-100% from all 4 
precursors in slices from "high-risk" birds. 
DISCUSSION 
The first series of experiments demonstrated just 
how rapidly deprivation of food can elicit signs of 
FLKS, the extreme examples being one bird showing 
histological signs after only 0.5 hr and two birds dying 
after fasting for 1.5 hr. Significant incidence of FLKS, 
however, was more usual after 2-4 hr fasting. Clearly 
the sensitivity of birds, predisposed to FLKS by vir-
tue of lack of biotin, to short periods without food 
suggests that any situation in a -commercial broiler 
house that physically prevents them from eating (such 
as crowding at the feeders or temporary failure of 
the feed supply), or alternatively an environmental 
factor that depresses their feeding behaviour for a 
period, is sufficient to induce FLKS. 
In the second experiment an attempt was made 
to examine significant metabolic parameters related 
to the onset of clinical signs of the syndrome. As 
mentioned previously, it was necessary to introduce 
diet (c) because of the unexpectedly low incidence of 
susceptible chicks fed diet (b) during this particular 
part of the investigation. Although the chicks reared 
on diet (c) were somewhat smaller than the others, 
examination of Table 2 suggests that its inclusion was 
justified since none of the parameters investigated 
(apart from pyruvate carboxylase) was altered by the 
diet. 
The method of categorizing the birds on liver size 
was based on that of Hood et al. (1976) and was 
found subsequently to be successful in predicting 
which birds were susceptible to FLKS (Whitehead et 
al.. 1978). Although the use of the figure 4% is arbi-
trary it nevertheless proved satisfactory in this series 
of experiments (it should be noted that none of the 
chicks reared on diet (a) had a value in excess of 
this figure). 
It had been anticipated that "high-risk" birds might 
have greater glycogen stores than normal in view of 
the larger sizes of their livers. Glycogen content, how-
ever, was very variable in all three categories and 
masked any difference that might have been attribu-
table to the large livers. The rate of depletion was 
also similar in all three categories and was extremely 
rapid (Table 2). suggesting that, in a normal chick, 
reliance on gluconeogenesis to maintain physiological 
levels of plasma glucose would be necessary within 
1-2 hr after removal of food. This was clearly indi-
cated by the marked reduction of plasma glucose in 
"high-risk" birds and those in the other two cate-
gories was that, after 1 hr fasting. plasma glucose had 
not fallen significantly as it had in the other groups. 
The source of this "extra" glucose is unknown since 
there did not appear to be more rapid breakdown 
of glycogen in "high-risk" birds. 
Of the enzymes associated with glycogen metabo-
lism, glycogen phosphorylase showed no change dur-
ing the experimental period. Ideally, measurement of 
the a and h forms of the enzyme would have been 
much more informative but since rapid changes in 
the proportion of the two forms occurs when animals 
are killed (Stalmans et al., 1974), data so collected 
would have been of little value. Glycogen synthetase 
showed a tendency to decrease in terms of total 
activity which was most marked in "high-risk" birds. 
The proportion of a-form also fell, as would be 
expected on fasting. However, the falls were not 
particularly great and the possibility of post-mortem 
changes in the proportions of the two forms of 
enzyme must also be considered. 
The possibility was considered that influx of lipid. 
effectively "diluting" protein concentration in liver. 
occurred during fasting thereby affecting the activity 
of this and other enzymes. Accordingly protein con-
centration was determined as a basis for expression 
of enzyme data (results not shown) but the magnitude 
of this effect was appreciably smaller than the 
observed reductions in enzyme activity. 
Pyruvate carboxylase activity in both reference and 
"low-risk" birds fell significantly after 6 hr fasting. a 
result which at first sight is somewhat surprising. 
The activities, nevertheless, were high and obviously 
sufficient for adequate gluconeogenesis in vivo. Ac-
tivity in "high-risk" birds was low, in agreement with 
earlier findings (Whitehead et al., 1978) and showed 
little tendency to decrease further on fasting, consis-
tent with the proposal (Bannister, 1979; Whitehead 
et al., 1978) that the onset of clinical signs of FLKS 
is not the result of activity reaching a critical low 
value. 
Glucose 6-phosphatase activity was increased by 
fasting in both reference and "low-risk" birds, suggest-
ing that the enzyme plays an important role in 
enhancing gluconeogenesis. The results of a supple-
mentary experiment in which the effect of actinomy-
cin D was studied (Table 5) were a little disappointing 
because the activities of sham-injected birds did not 
increase as much as in the main experiment. The 
reason for this is unknown but could possibly be 
related to the stress involved in handling and injecting 
the birds. However, considering the data from both 
experiments it seems reasonable to conclude that 
increased activity of the enzyme on fasting was the 
result of de novo protein synthesis. The failure of 
glucose 6-phosphatase in "high-risk" birds to behave 
similarly indicates a major abnormality in protein 
metabolism that might play a more important role 
in the genesis of FLKS than hitherto realized. The 
data also demonstrate that the reduced activity of 
glucose 6-phosphatase in FLKS-affected chicks ori-
ginally reported by Bannister (1976) occur during the 
clinical stage of the syndrome and not as part of the 
pre-clinical condition. 
From the results of the final series of experi-
ments it was clear that glucose was released from liver 
slices by both "low-risk" and "high-risk" chicks but 
that the rate of release from the latter was rather 
lower (Fig. 1). This glucose was presumably derived 
largely from glycogen, simulating the maintenance of 
glucose homeostasis on fasting in vivo. Once the gly-
cogen was depleted (by 1.5 hr pre-incubation), glu-
coneogenesis by "high-risk" liver slices was seen to 
be very low, again simulating the likely course of 
events in vivo. 
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SUMMARY AND CONCLUSIONS 
Short-term fasting has been demonstrated to elicit 
the onset of clinical FLKS in potentially susceptible 
chicks. The metabolic events associated with fasting 
include raid depletion of hepatic glycogen to an 
extent that 'suggest gluconeogenesis is required to 
maintain plasma glucose at physiological levels within 
as little as 2 hr after removal of food. In potentially 
susceptible birds liver pyruvate carboxylase is insuffi-
ciently active for this gluconeogenic pathway to 
supply the required glucose. Thus, plasma glucose 
concentration declines below physiological levels and 
clinical signs of FLKS ensue. In the normal bird, glu-
coneogenesis is enhanced by fasting, part of which 
mechanism includes increased synthesis of glucose 
6-phosphatase. This response failed in susceptible 
birds, indicating that abnormal protein synthesis 
plays a role in FLKS. Experiments performed in vitro 
were consistent with the foregoing in that, once 
glucose derived from glycogen was released, gluco-
neogenesis was low in slices from susceptible birds. 
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Metabolic changes associated with the occurrence of fatty liver 
and kidney syndrome in chicks 
By C. C. WHITEHEAD, D. W BANNISTER 
AND MAUREEN E. CLELAND 
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(Received 19 September 1977 - Accepted 4 January 1978) 
The changes in a number of metabolic measurements brought about by low-biotin diets associated 
with high and low incidences of fatty liver and kidney syndrome (FLKS) were studied in healthy 4-week-old 
broiler chicks. 
Liver pyruvate carboxylase (pyruvate: CO, ligase (ADP); EC 6.4.1 .1) activity was low in birds fed 
on a diet causing a high incidence of FLKS but the addition of fat or protein to this diet, to decrease the 
incidence of FLKS, increased enzyme activity. 
Liver weights, blood lactate concentrations, plasma lactate dehydrogenase (L-lactate: NAD oxidore-
ductase; EC i . i . 27) activities and values for C 16 :  i Cis:o fatty acid in liver, adipose tissue and plasma 
triglyceride were highest in birds fed on the high-FLKS diet and all measurements were negatively correlated 
with pyruvate carboxylase activity. 
Birds with high plasma lactate dehydrogenase activity or triglyceride C1,,: C18:0 values were the most 
likely to develop FLKS when fasted. 
There was no evidence that increased liver weight was associated with increased activities of certain 
other liver enzymes. 
It is concluded that FLKS occurs in birds with little or no hepatic gluconeogenic capacity via pyruvate 
carboxylase as a result of a dietary insufficiency of biotin but that the initiation of the syndrome is probably 
associated with the inhibition of other pathways of gluconeogenesis. 
Fatty liver and kidney syndrome (FLKS) is a metabolic disorder that kills young chickens 
fed on diets of low biotin content. Its incidence can be reduced by increasing the level of 
dietary fat, (Whitehead, Blair, Bannister & Evans, 1975) or protein (Whitehead & Blair, 
1974, 1976) and eliminated by supplementing the diet with biotin (Blair & Whitehead, 1974; 
Payne, Gilchrist, Pearson & Hemsley, 1974; Whitehead, Blair, Bannister, Evans & Jones, 
1976). The syndrome is characterized by an accumulation of lipid in liver, kidney and other 
organs (Wight & Siller, 1975) and a severe hypoglycaemia which is thought to be the prob-
able cause of death (Bannister, Evans & Whitehead, 1975). However, these changes occur 
only after initiation of the syndrome (Evans, Bannister, Whitehead, Siller & Wight, 1977) 
which is sudden and apparently precipitated by stress or starvation (Whitehead et al. 1975). 
A major cause of the hypoglycaemia is failure of hepatic gluconeogenests, brought about 
by a very low activity of pyruvate carboxylase pyruvate:CO 2 ligase (ADP); EC 6.4. i. 
a biotin-dependent enzyme, and it has been shown both in vitro and in vivo that addition 
of biotin will restore gluconeogénesis by increasing the activity of this enzyme (Bannister, 
1976a, b). 
The condition is therefore dependent on a. dietary insufficiency of biotin. However, the 
manifestations of the syndrome are quite distinct from those of typical biotin deficiency, 
although symptoms of the two conditions can co-exist (see Payne et al. 1974; Lohr, 1975) 
and the specific metabolic changes brought about by a lack of biotin that are associated 
with the development of susceptibility to the syndrome have not been establishcd. Hood, 
Johnson, Fogarty & Pearson (1976) have suggested that, in a marginal deficiency of dietary 
biotin, pyruvate carboxylase activity becomes insufficient to metabolize pyruvate via 
45 
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Table I. Composition (g/kg) of experimental diets 
Diet no. 
Ingredient i 2 3 4 5 
Wheat 650 650 650 650 
Soya-bean meal (445  g CP/kg) 100 100 100 100 
Herring meal 63 63 63 63 
Maize starch 125 - 85 125 
Maize oil 1- 5 50 1.5 1- 5 
Isolated soya-bean protein' 31 31 31 31 
Amino acid mixturet - - 40 - 
Cellulose - 75 - - ¶ 
Limestone flour 16 16 16 16 
Dicalcium phosphate 115 11 . 5 11 - 5 115 
Salt 2 2 2 2 
Mineral supplements 25 25 25 25 
Vitamin supplements 25 25 25 25 
Rovimix Hil - - 007 - 
Chemical analysis 
CP 1 79 181 218 179 200 
Diethyl ether extract 18 70 19 18 35 
CP, crude protein (nitrogen x 625). 
Promine D; Oppenheimer Casing Co., Edinburgh. 
t Contained (g/kg): L-lysine 61, L-histidine 24, L-arginine 77, L-aspartic acid 119, L-threonifle 37, L-
serine 54,  L-glutamic acid 204, L-prOline 44,  glycine 40, L-alanine 38, L-cystine 11, L-valine 51, DL-methionine 
11, L-isoleucine 51, L-leucine 77,  L-tyrosine  37,  L-phenylalanine 53,  L-tryptophan 11. 
Supplied (mg/kg diet): copper 35, iodide 04, iron 80, magnesium 300, manganese ,00, zinc 50. 
§ Supplied (/kg diet): retinol 600 Itg, cholecalciferol 15 Itg,  z-tocopherol 17 mg menaphthone 13 mg, 
riboflavin 4  mg, nicotinic acid 28 mg, pantothenic acid 10 mg. 
11 10 mg D-biotin (Roche Products Ltd, Dunstable)/g. 
¶ Commercial diet. 
gluconeogenesis and that to remove this metabolite the liver increases in size and there is 
an increase in the activities of some enzymes, such as acetyl-00A carboxylase (acetyl-00A: 
CO2 ligase (ADP); EC 6.4.1.2) and malate dehydrogenase (L-malate : NADP oxidore-
ductase (decarboxylating); EC 1.1.1.40), which are involved in alternative pathways. These 
authors used the term 'hyperfunctional hepatomegaly' to describe this condition and 
proposed that when the chick was subjected to a stress these systems were inadequate and 
finally collapsed, resulting in the death of the bird. 
The object of the experiments described in this paper, was to investigate in greater detail 
the metabolic changes that occur in birds fed on low-biotin diets of different composition 
and to relate them to the development of susceptibility to FLKS. It was also hoped to 
identify blood factors which could be used to predict the susceptibility of birds to FLKS 
when subjected subsequently to stress or starvation. 
EXPERIMENTAL 
Birds 
The chicks studied were female Ross 11 broilers obtained at i-d-old from a commercial 
hatchery (Ross Poultry Ltd, linverurie A135 9JE). They were housed in electrically-heated 
four-tier brooders with wire floors and had unrestricted access to food and water. 
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Diets 
Details of the five experimental diets are given in Table i. Diet no. i was the wheat-based 
low-fat, low-protein diet which had been found from a series of experiments to cause a high 
spontaneous incidence of mortality (20-30%) from FLKS (Whitehead & Blair, 1976). 
Microbiological analyses (Wright & Skeggs, 1944) showed it to contain approximately 
0.10 mg total biotin/kg, but probably only oo6—o07 mg/kg of this was available to the 
chick. Diets nos. 2 and 3  were modifications of diet no. i in which either the fat or the protein 
level was increased by the addition of maize oil or a crystalline amino acid mixture re-
spectively, at the expense of starch. Cellulose was used as an inert filler in diet no. 2 so that 
both diets had the same metabolizable energy and biotin levels as diet no. i. However, 
previous studies have shown that they caused less mortality (5-10%) from FLKS (White-
head et al. 1975; Whitehead & Blair, 1976). Two control diets were also used. Diet no. 4 
was diet no. i supplemented with 070  mg biotin/kg but, because it had lower fat and protein 
levels than are normally given to young broilers, the second control diet, diet no. 5,  was 
a normal commercial chick starter diet (Scottish Agricultural Industries Ltd, Edinburgh 
EH4 3ET) thought to be adequate in all nutrients. 
Procedure 
Expt i. For analytical reasons the experiment was carried out as a series. Birds were 
reared from i-d-old on each of five diets on a regular basis and each week analyses were 
carried out on one apparently healthy 28-d-old chick taken from each of only three diets 
according to a randomized plan. The experiment continued until results had been obtained 
for eighteen birds fed on diet no. i and for nine fed on each of the other diets. On selection, 
each bird was kept quiescent in the dark for 20 mm, then it was weighed and a blood sample 
(10 ml) was collected in a heparinized vessel. The bird was killed and the liver was removed, 
placed immediately in a tared beaker of ice-cold saline (9 g sodium chloride/l) and weighed. 
Blood lactate, pyruvate and plasma lactate dehydrogenase (L-lactate: NAD oxidore-
ductase; EC 1. i. i . 27) were measured immediately. In some instances plasma was frozen 
before measurement of glucose concentration or triglyceride. Liver enzyme activities were 
measured on fresh tissue. A liver sample was also frozen and freeze-dried before lipid 
analyses. Samples of liver, kidney and heart were fixed in formal saline (ioo ml/l) for sub-
sequent histological examination. A sample of peritoneal adipose tissue was also kept 
frozen until its fatty acid composition was determined. 
Expt 2. Twenty chicks were reared from i-d-old on each of diets nos. i and 4.  At  4  weeks 
of age the birds were weighed and a blood sample (5 ml) was taken from a wing vein with 
a heparinized syringe for measurement of lactate and glucose concentrations. The birds were 
fasted for 6 h, after which. time the condition of each bird was noted and a further blood 
sample was taken. The birds were killed and samples of liver and kidney were fixed for 
histological examination. 
ExpI 3.  Thirty healthy 4-week-old chicks reared on diet no. i were weighed and blood 
samples (3 ml) were taken in a heparinized syringe from the wing vein for measurement 
of triglyceride fatty acid composition, lactate dehydrogenase activity and glucose concen-
tration. After a 6 h fast, a second blood sample was taken for glucose analysis, the birds 
were killed and samples of liver and kidney were taken for histological examination. 
Analytical methods 
Enzyme assays. Hepatic malate dehydrogenase was assayed by the method of Wise & 
Ball (1964). Tissue was disrupted in a Potter-Elvehjem homogenizer (in ice) in 025 M-sucrose 
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(200 mg wet weight/ml) and centrifuged at 40000 g for io min at 2 ° . A portion of the 
supernatant fraction was diluted 1:4 (v/v) with bovine serum albumin (oi g/l; ooi ml) 
and was assayed in a medium (final volume 231 ml) containing: 22 mm-Tris buffer (adjusted 
to pH 74 at 38 0 with hydrochloric acid), 078 mm-sodium malate, 88 mm-MgCl 2 , 052 mM-
NADP. The reaction was started by the addition of substrate after equilibration at 38° for 
10 mm. Enzyme activity was monitored by measuring the extinction at 340 nm using a 
spectrophotometer (SP 30 double-beam; Pye Unicam, Cambridge). Measurements taken 
every 30 s between i and 4  min were used to calculate the change in extinction/mm. 
Lactate dehydrogenase activity in plasma and liver tissue was assayed by the method of 
Bergmeyer & Bernt (1974). Plasma (o-o5 ml) was assayed in a medium (final volume 315 ml) 
containing: 48 mm-phosphate buffer (PH 70), 031 mm-NADH, I2 mm-sodium pyruvate. 
The samples were allowed to equilibrate at 38° for 20 min and the reaction was initiated 
by addition of substrate. Liver tissue homogenates were prepared in o6 M sucrose (200 mg 
wet weight/ml) and centrifuged at. 40000 g for iO min at 2 ° . A portion of the supernatant 
fraction, diluted i :50 (v/v) with bovine serum albumin o g/l; 003  ml), was assayed in 
a medium (final volume 313 ml) containing: 64 mm-phosphate buffer (pH 70), o6 mm-
sodium pyruvate, 042 mm-NADH. Samples were allowed to equilibrate for JO min at 38° 
and the reaction was started by addition of substrate. Enzyme activities were monitored 
by measuring extinction at 340 nm as described for malate dehydrogenase. 
Acetyl-CoA carboxylase was assayed as follows. Portions of liver were homogenized in 
a medium comprising 025 M-sucrose, 10 mm-phosphate buffer (pH 75), 5 mM-mercapto-
ethanol, o- i mm-EDTA to give a final tissue concentration of 100 mg wet weight/ml. The 
homogenate was centrifuged at 40000 g for io min at 2 °, and a portion of the supernatant 
fraction was assayed immediately in a medium (final volume i ml) containing (,am): Tris 
buffer 50 (adjusted to pH 75 at 38° with HQ, ATP 4, MgCl, 8, NaH 14CO2 (0.5 uCi) 10, 
glutathione 3,  acetyl CoA 04, DL-isocitric acid 20, bovine serum albumin 6 mg. The reaction 
was initiated by the addition of enzyme preparation (oo ml) and the incubation was 
terminated after 5  min by the addition of o5 ml trichloroacetic acid solution (ioo g/l). The 
precipitated protein was removed by centrifugation at 2500 g for io mm. A portion (o ml) 
of the supernatant fraction was taken to dryness under reduced pressure and the residue 
was dissolved in 05 ml hyamine hydroxide (joo g/l methanol) and 4  ml 2,5-diphenyloxazole 
(4 g/l toluene—Triton X - 100 (4:1, v/v)) and its radioactivity content determined. The 
incorporation of 14CO2 was corrected by subtracting the radioactivity of a control from 
which acetyl CoA was omitted. 
Pyruvate carboxylase activity in liver homogenates was measured as described by Ban-
nister (1976b). 
Blood metabolites. Lactate and pyruvate levels in blood were assayed using Boehringer 
reagent kits (Boehringer Corporation (London) Ltd, East Sussex BN7 iLG) and methods 
based on those described by Hohorst (1963) and Czok & Lamprecht (1970). 
Plasma glucose was assayed by the method of Morley, Dawson & Marks (1968). 
Protein analysis. Protein analyses on liver homogenates were carried out using an auto-
mated version of the method of Lowry, Rosebrough, Farr & Randall (1951). 
Lipid analysis. Lipids were extracted by the method of Folch, Lees & Sloane Stanley 
(1957). Triglycerides were isolated by thin-layer chromatography using the method of 
Christie, Noble & Moore (1970). Methyl esters of fatty acids were prepared by trans-
esterification in methanolic hydrogen chloride (o ml/1) and estimated by gas—liquid chroma-
tography on a column of 100 g SP 2340/1 Chromosorb W (100-120 mesh, acid-washed; 
Chromatography Services Ltd, Wirral, Merseyside) at 18° using a flame ionization detector 
(model 1700; Varian Associates Ltd, Walton on Thames KTI2 2QF). 
Chemicals. All chemicals were of analytical or reagent grade and were used as supplied 
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(British Drug Houses, Poole, Dorset) except for the Tris buffer used in the acetyl-CoA 
carboxylase and pyruvate carboxylase assays, which was recrystallized as described by 
Sutherland & Waselait (1956). Purified enzymes, coenzymes and adenylates were purchased 
from Boehringer Corporation (London) Ltd, and from Sigma (UK) Ltd, Kingston upon 
Thames KT2 7BH. NaH 14CO2 (o-r mCi/mmol) was obtained from the Radiochemical 
Centre, Amersham, Bucks. 
RESULTS 
Expt i 
Throughout the experiment there was a 15% incidence of mortality from FLKS among 
birds fed on diet no. i, but for each of diets nos. 2 and 3 mortality was only 3%. There 
were no deaths from FLKS among birds fed on either of the control diets. At 4  weeks of 
age the birds fed on diets nos. I, 2 and 3  showed foot lesions characteristic of mild biotin 
deficiency but none was considered to be suffering from FLKS, using clinical appearance 
of bird, histological appearance of tissues and blood glucose concentration as criteria. 
Results for the various liver measurements are set out in Table 2. Mean pyruvate carbo-
xylase specific activity was much lower among birds fed on the low-biotin diets than in 
controls and was lowest in birds fed on the low-fat, low-protein diet (diet no. i). Acetyl-CoA 
carboxylase specific activity was significantly lower (P < oo) with the commercial control 
diet (diet no. ) than with diet no. i, but differences between other diets were not significant. 
Lactate dehydrogenase specific activity was significantly higher (P < 000i) with control 
diet no. 4  than with all the other diets. The specific activity of malate dehydrogenase was 
considerably affected by diet: the activity with diet no. i was significantly higher (P < 005) 
than with diets nos. 2 and 3  and significantly lower (P < oo5) than with diet no. 4. 
Liver weight, as a proportion of body-weight, was significantly higher (P < oo) in birds 
fed on diet no. i than on the other diets and the proportion of liver protein was higher 
with all low-biotin diets than with control diets. Although liver lipid level was unaffected 
by the different dietary compositions, fatty acid composition was markedly altered. The 
most pronounced changes were increases in the proportions of monounsaturated fatty 
acids, especially C 16 .
11 
 at the expense of the saturated fatty acids, mainly C :0 , in birds fed 
on the low-biotin diets. C 16 . 1 :C18 . 0 was taken as the best index of these changes and was 
highest in the triglyceride fraction of birds fed on diet no. I. 
Birds fed on diet no. i were divided into two groups on the basis of their hepatic pyruvate 
carboxylase specific activities. This division was made because a previous study by Bannister 
(1976b), using the same assay technique, had found that birds suffering from FLKS had 
specific activities of less than 6o 1amol/h per g. The 'low' group comprized ten birds with 
activities of < 58 1umol/h per g. The other eight birds, with activities ranging from 70 to 
531 umol/h per g, made up the 'high' group. Results for the liver criteria for these two 
groups are also included in Table 2. The only significant difference between them was the 
liver triglyceride C 161 :C18 . 0  value which was higher in the 'low' group. 
Results for the blood and adipose tissue criteria are given in Table 3.  Blood lactate con-
centration was significantly higher (P < oo) among birds fed on diet no. i than among 
those fed on the correspondiiig biotin-supplemented control diet (diet no .. 4).  Pyruvate 
concentration also varied, thcJugh not significantly, with the result that lactate: pyruvate 
values were very similar. Because the blood lactate: pyruvate value is known to be closely 
related to that of the liver and hence to the redox state of the organ, the results suggested 
that the low hepatic pyruvate carboxylase specific activities observed with diet no. i were 
not impairing the birds' ability to maintain a normal redox state. Plasma glucose concen-
tration was unaffected by diet but lactate dehydrogenase activity was higher (P < 005) in 
birds fed on diet no. i than in those on diets nos. 2 or 4.  Plasma and adipose triglyceride 
Table 2. Expt i. Metabolic criteria in livers of 4-week-old chicks fed on low-biotin diets (diets nos. 1-3) containing different 
levels offal and protein and on control diets nos. 4  and  5 
(Mean values with their standard errors; values in parentheses show the range of activities in individual birds; enzyme activities are expressed as 
jmol substrate converted/h per g wet liver) 
Pyruvate 	 Lactate 	Malate 
carboxylase Acetyl-CoA dehydrogenase dehydrogenase 
(EC 6.4. 1 . i; carboxylase (EC i. i . 1 .27) (EC I. I .1 .40) 	Liver wt 	Protein 	Lipid 	Total 	Triglyceride 
PC) 	(EC 6 .4- 1 . 2) 	( x 	 (x 103) 	(g/kg body-wt) (g/kg liver) (g/kg liver) lipid C16 , 1 : C18  :o 
No. of 	------ r—'----  
Diet no.'' birds Mean 	SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
PC > 6o 8 249 	67 451 84 351 68 231 044 41 3 . 3 149 9 .4 540 3.4 i6o 070 135 023 
(7o-531) 
it PC < 6o 10 26 	5 603 79 307 28 240 023 450 1- 3 140 36 596 34 213 021 462 067 
(0-58) 
Mean 18 125 	38 536 59 326 36 236 024 432 1-4 1 44 4 . 5 572 24 189 012 3.17 055 
(0-531) 
2 	 9 	712 	109 	485 79 31 - 2 i 168 	012 349 1-8 154 3 .0 551 29 049 014 1-1 3 034 
(130-1312) 
3 	 9 	734 	120 	412 76 299 1-5 1-66 	0I0 34.4 16 145 49 58i 26 097 059 110 027 
(36-1358) 
4 	 9 	2171 	236 	424 91 428 29 371 	024 361 21 121 48 604 37 046 010 050 015 
(394-2664) 
5 	 9 	1377 	197 	357 68 345 20 265 	017 323 20 130 37 527 3 .0 028 oo8 042 0l2 
(314-2309) 
For details of diets, see Table 1. 








Table 3.  Expt i. Metabolic criteria in blood, plasma and adipose tissue of 4-week-old chicks fed on low-biotin diets (diets nos. 
1-3) 
containing different levels offat and protein and on control diets nos. 4  and  5 
(Mean values with their standard errors) 
Plasma 
Blood 	 Lactate 
dehydrogenase Adipose tissue 
Lactate Pyruvate 	Lactate: 	(EC 1.1.1 .27) Glucose Triglyceride Triglyceride 
(umoI/ml) (tmoI/ml) pyruvate (mol/h per I) (pmol/ml) C101 : C,80  Cis-2:C18-0 
No. of  
Diet no.* 	birds 	Mean 	SE Mean 	SE 	Mean 	SE 	Mean 	SE Mean 	SE Mean 	SE Mean 	SE 
PC > 6o 	 8 	68z 	o82 0i6 	0O3 	I89 	'3 	i099 	i66 138 	O42 190 	046 39I 	069 
it 	PC< 60 10 76I o94 f o4O oo3 i9•o i5 1505 174 I38 039 36z oz8 6,o O'48  Mean 	 18 	726 	049 038 	002 	190 	09 	1324 	121 138 	025 285 	032 53 	047 
2 	 9 740 o•89 0'33 003 224 21 956 139 136 033 1*11 023 3.19 051 
3 9 	6 	o63 034 	004 	190 	.3 	1145 	210 129 	032 095 	023 
328 	070 
4 	 9 5 .47 068 028 004 195 1'2 947 93 134 036 089 013 174 010 
5 9 	645 	094 0i6 	003 	181 	10 	1116 	54 1 3 ,9 	0i8  059 	009 1 -6o 	0•09 
PC, pyruvate carboxylase (EC 6.4. I .1). 
* For details of diets, see Table I. 
t Values for birds fed on diet 	were subdivided into two groups depending on whether liver PC was > or < 60 mol/h per g. 
—.1 
Table 4. Expt r. Coefficients of correlation among pyruvate carboxylase (EC 6.4. 1. i) activity (per unit liver) and liver weight: body-weight 
and other metabolic criteria in 4-week-old chicks fed on low-biotin diets (diets nos. 1-3) containing different levels of fat and protein and 




Pyruvate carboxylase v. 	Liver wt(relative to body-wt) 
Acetyl-CoA carboxylase (EC 6.4. I .2) 
Malate dehydrogenase 
Lactate dehydrogenase (EC 1. 1. 1 .27): Liver 
Plasma 
Blood lactate 




Liver wt (relative to 	Acetyl-00A carboxylase (EC 6.4-1. 2) 
to body-wt) v. 	 Malate dehydrogenase (EC 1 .1 . i.40) 








I 2 3 4 5 
—0.74 —065 _0.77* 039 0.7I* 
—o16 _ 0.75 * _o.83** 039 —009 
—031 027 021 051 0'04 
—029 0I9 —044 —001 —OIL 
_059* _o.89** —o87 —021 —o26 
0.50* —022 —027 —026 048 
_071** _o.8o* _0.76* 047 —026 
—O5I —090 _Q.74* —001 —034 
_074** —020 —040 028 025 
._.74** —051 —o - 6o 0.74* —o -o8 
0•01 026 0.9I** —o18 040 
oo6 —0111 —o - 6o —oio o18 
036 —002 049 007 048 
0.51* o.83* 082 015 044 
0.52* —019 028 —045 —031 
_0.53* 015 032 045 0•37 
—046 0.89* 0.90** 017 044 
023 o62 o89** 055 042 
049 025 070* o65 010 





t For details of diets, see Table I. P < 005, 	P < Ooi, ° 	P < 0001. 
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C16 . 1 : C18 : 0 values were significantly higher (P < oo) in birds fed on diet no. i than in all 
others and, in adipose tissue, the values for birds fed on diets nos. 2 and 3  were also higher 
than that of the controls. With diet no. i, both plasma and adipose C16: 1: C18:0  values were 
significantly higher (P < oo) in birds with low liver pyruvate carboxylase specific activity. 
Plasma lactate dehydrogenase specific activity was also 40% higher in this group, although 
the difference did not attain statistical significance (o i > P > 0.05). 
Correlation coefficients were calculated among all the criteria within all diets. Most of 
the statistically significant correlations involved either pyruvate carboxylase specific 
activity or liver weight and the relevant correlations involving these criteria are given in 
Table 4;  other correlations involving them were not significant. With diet no. i there were 
significant negative correlations between pyruvate carboxylase and (a) liver weight as 
a proportion of body-weight, (b) plasma lactate dehydrogenase specific activity, (c) blood 
lactate and (d) the Cio:i : C18:0 values in the four lipids analysed. Some of them were also 
significant with diets nos. 2 and 3,  and in addition there were negative correlations with 
acetyl-CoA carboxylase. In contrast, only one correlation with pyruvate carboxylase 
attained statistical significance (P < oo) in each of the control diets. With diet no. i, liver 
weight was significantly correlated with plasma lactate dehydrogenase, blood lactate, liver 
protein and adipose tissue triglyceride C16: I: C18:0 as well as with pyruvate carboxylase. 
Plasma lactate dehydrogenase and some of the C16:1: C18,0 values with diets nos. 2 and 3 
were significantly correlated with liver weight but there were no significant correlations 
within the control diets. 
Because of the variability in liver weight, the correlation coefficients were also calculated 
after correcting for liver weight and body-weight. Thus total liver pyruvate carboxylase 
activity, as a proportion of body-weight, was significantly negatively correlated with liver 
weight: body-weight, liver malate dehydrogenase and protein, plasma lactate dehydrogenase 
and the four C 16 : 1 :C18 : 0 values with diet no. i. With diet no. 3  it was correlated with liver 
weight: body-weight, liver lactate dehydrogenase, acetyl-CoA carboxylase and protein, 
plasma lactate dehydrogenase and liver lipid and triglyceride C 16:1 C18 : 0 . In contrast, there 
were fewer significant correlations involving this criterion with diets nos. 2, 4 and  5. 
Expt 2 
During the rearing stage, three of the twenty birds fed on diet no. i died from FLKS before 
28 d of age. At 28 d, two birds were showing clinical signs of FLKS (category IV, Whitehead, 
1975) after the 6 h fast. These birds, together with a further four, were found to be hypo-
glycaemic and all six showed lesions characteristic of FLKS upon histological examination. 
Blood lactate and glucose concentrations are given in Table 5 and show that the mean 
lactate concentrations before the fast were significantly higher (P < 0.05) in birds fed on 
diet no. i than in the controls. The initial lactate concentrations in the blood samples from 
birds which subsequently developed FLKS were higher than those of birds fed on diet no. 1, 
which remained healthy, although the difference was not statistically significant (P > 005). 
Among the six FLKS birds, initial lactate concentrations of four birds were above the 
initial group mean, one value was equal to it and the other value was below the mean. Of 
the eleven unaffected birds, four had initial lactate concentrations above the group mean. 
After the 6 h fast, lactate concentration had decreased in controls and unaffected birds but 
had increased markedly in all FLKS birds. 
Expt3 
Measurements of plasma glucose concentrations confirmed that none of the birds in this 
experiment were suffering from FLKS at the start of the fast. However, during the fast two 
birds died and after 6 h a further three birds were showing severe clinical signs of FLKS 
0 
Table 5.  Expt 2. Blood lactate and plasma glucose concentrations in 4-week-old chicks fed on diet no. i (a low-biotin diet) and diet 
no. 4  (diet no. i supplemented with 070 mg biotin/kg) before and at the end of a 6 h fast 
(Mean values with their standard errors) 
Lactate (mol/ml) 	 Glucose (umol/ml) 
Condition of 	 Before fast 	 After 6 h fast Before fast After 6 h fast 
Diet 	bird after No. of 	r 
no. 0 6 h fastt 	birds Mean 	SE 	 Mean 	SE Mean 	SE Mean 	SE 
FLKS 	6 	928 	o8o 	1243 	058 16o 	027 79 	'33 
i 	Unaffected 	ii 788 04 623 026 15 .0 027 I23 027 
Mean 	17 	826 	047 	842 	080 I54 	027 io8 	081 
4 	Unaffected 	20 620 047 461 023 154 025 123 029 
FLKS, fatty liver and kidney syndrome. 
° For details of diets, see Table 1. 
t FLKS birds were those showing morphological changes and severe hypoglycaemia characteristic of the syndrome. Unaffected birds were those not showing 
any of the signs characteristic of FLXS. tn 
Table 6. Expt 3.  Plasma lactate dehydrogenase activity, triglyceride C161 : C18 , 0 and glucose concentration in 4-week-old 
chicks fed on a low-biotin diet's 
(Mean values with their standard errors) 
- 	 Before fast 
After 6hfast 
Lactate dehydrogenase 	 Triglyceride Glucose Glucose 
(EC 1.1.1.27) (4amol/l per h) Cie:i :Cig:o (ttmol/l) (mol/l) 
Condition of bird 	No. of 
after 6 h fast birds 	Mean 	SE 	 Mean 	SE Mean 	SE Mean 	SE 
FLKS 	 16 	1336 	J09 	220 	038 151 	024 76 	08 
Unaffected 	14 982 75 o86 o26 145 030 121 024 
FLKS, fatty liver and kidney syndrome. 
0  For details of diets, see Table i. 
t FLKS birds were those showing morphological changes and severe hypoglycaemia characteristic of the syndrome. Unaffected birds were those not showing 
any of the signs characteristic of FLKS. 
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(category IV, Whitehead, 1975). These three birds were found to be severely hypoglycaemic 
(plasma glucose < 6 1umol/l) and a further eleven birds were slightly hypoglycaemic 
(plasma glucose < ipo Aamol/l). All these birds showed liver and kidney lesions typical of 
FLKS upon histological examination and a total of sixteen birds were thus assigned to the 
FLKS category. The 'remainder of the birds were clinically and histologically normal. 
As is shown in Table 6, plasma lactate dehydrogenase specific activities before the fast 
were significantly higher (P < ooi) in birds which subsequently developed FLKS than in 
those unaffected. Only three birds which developed FLKS had enzyme activities below 
1000 1umol/h per 1 and only three unaffected birds had activities above this level. 
The values for C 18 . 1 :C 18 . 0  in plasma triglycerides were very significantly higher (P < 
OOQI) among birds which developed FLKS. The value was less than i:i in only one bird 
in this group but higher than one in three unaffected birds. 
DISCUSSION 
A comparison of the effects of a marginal biotin deficiency in diets associated with high and 
low incidences of FLKS indicates that there are several metabolic changes associated with 
the development of susceptibility in chicks to FLKS. Liver pyruvate carboxylase activity, 
which is known to be centrally involved in the syndrome, was much lower in birds fed on 
diet no. i, the diet that caused a high incidence of FLKS, than in birds fed on the other diets. 
Liver weights relative to body-weight and plasma lactate dehydrogenase activity were in-
creased with diet no. I. The effect of diet on blood lactate concentration was less clear-cut, 
because although it was significantly higher with diet no. I than in controls, it was also high 
with diet no. 2, which caused little incidence of FLKS. 
Significant changes occurred in the fatty acid compositions of several lipids. The C 18 . 1 : 
C18 . 0  values were increased in liver lipids, especially triglycerides, of birds fed on diet no. i 
and this was reflected in corresponding changes in adipose tissue and plasma triglyceride 
compositions. In contrast, these changes were not so apparent in birds fed on the other low-
biotin diets (diets nos. 2 and 3). These results are consistent with the observations of White-
head, Bannister, Evans, Siller & Wight (1976) that the effect of biotin deficiency on tissue 
fatty acid composition is less pronounced as dietary fat or protein levels increase. 
Effects of diet on other liver criteria were also observed. The activities of lactate dehydro-
genase and malate dehydrogenase were significantly lower with all low-biotin diets than with 
control diet no. 4. Malate dehydrogenase was especially depressed in birds fed on the diets 
supplemented with fat or protein and this is consistent with the decreases in lipogenesis 
associated with such dietary changes (Yeh & Leveille, 1969; Yeh, Leveille & Wiley, 1970). 
Acetyl-CoA carboxylase was significantly higher with diet no. I than with control diet no. 5, 
although the differences between other diets were not significant. Liver protein level was 
increased with the low-biotin diets but lipid level was unaffected by diet. 
The relationships between the principal criteria were investigated. Results from the birds 
fed on diet no. I were assigned to one of two groups ('low' and 'high', as described pre-
viously). Plasma lactate dehydrogenase activity and the C 16 . 1 :C18 . 0  values in all the lipids 
analysed were significantly higher in the 'low' group. Liver weight: body-weight, blood 
lactate concentration and acetyl-CoA carboxylase activity were also increased, though not 
significantly so. 
The interrelationships between the criteria were also studied by calculating the regression 
coefficients within diets. With diet no. I pyruvate carboxylase activity was significantly 
correlated with liver weight: body-weight, plasma lactate dehydrogenase, blood lactate and 
Cio:i :Cio . o  in the four lipids. These correlations were also significant with the other low-
biotin diets, as was the correlation with acetyl-CoA carboxylase. Compared with pyruvate 
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carboxylase, liver weight: body-weight was involved in fewer significant correlations with 
diet no. i and was not correlated with any of the liver enzymes apart from pyruvate carboxy-
lase. The correlations involving pyruvate carboxylase were also significant after correcting 
for liver and body-weights, demonstrating that they were not artefacts of variations in liver 
and body-weights. 
Although the relationships between metabolic criteria were thus similar on all low-biotin 
diets, the magnitudes of the criteria involved in significant correlations were more extreme 
with diet no. i than with the other two diets. Liver pyruvate carboxylase activity in particular 
could be very variable and since it was correlated with several plasma criteria that could be 
measured without killing the bird, further experiments (Expts 2 and 3) were carried out to 
test the hypothesis that it was the birds with low pyruvate carboxylase activity which were 
most susceptible to FLKS. The blood criteria measured in birds given diet no. i before the 
induction of FLKS by fasting were blood lactate, and plasma lactate dehydrogenase and 
triglyceride C16: 1: C18, . Of these, the criterion least well correlated with pyruvate carboxy-
lase was lactate, and although two-thirds of the birds developing FLKS during or after 
fasting had initial lactate levels above the group mean, this represented only half the birds 
with high initial lactate levels. Compared with lactate, plasma lactate dehydrogenase gave 
a better indication of the possibility of a bird developing FLKS: 81 % of affected birds had 
initial activities of> 1000 pmol/h per 1 whereas only 21 % of those unaffected had activities 
above this value. Of the three criteria, plasma triglyceride C16, 1: C18:0  was the most closely 
correlated with pyruvate carboxylase activity and gave the best indication of susceptibility to 
FLKS. This value was greater than I in 94% of affected birds and in only 21 % of those 
unaffected. 
The results show that it is possible to predict which birds are most likely to develop 
FLKS when suitably challenged and are also consistent with the theory that the birds 
which develop the syndrome are those with very low liver pyruvate carboxylase activities. 
The actual activities of some birds fed on the FLKS-inducing diet were very low indeed: 
in one bird the activity was not measurable, in others it was II, 13 and 14 1umol/h per g. 
These values are lower than the activities quoted for birds clinically affected with FLKS 
((mean ± SE) 41 ± 34 /LmOl/h per g, Bannister, 1976b) but nevertheless none of the birds 
showed any clinical signs of the syndrome. It is thus apparent that, although FLKS occurs 
in birds which have little or no gluconeogenic capacity via pyruvate carboxylase because of 
a dietary insufficiency of biotin, they can, under normal circumstances, live and indeed 
thrive in the virtual absence of this enzyme, their requirement for gluconeogenesis being 
presumably met by pathways independent of it. Since pyruvate carboxylase activity can be 
so low in the absence of FLKS, it is unlikely that the initiation of the syndrome need be 
associated with a further decrease in activity. Instead, it is more likely that initiation of the 
syndrome caused by stress (or fasting) may be due to inhibition of an alternate pathway of 
gluconeogenesis. Support for this suggestion comes from the observation that gluconeo-
genesis from glycerol in vitro is inhibited in FLKS and is associated with an altered 
redox state of the liver (Bannister & Cleland, 1977). When the supply of glucose thus be-
comes inadequate, hypoglycaemia and the consequent clinical signs of FLKS then ensue. 
Some of the findings are in agreement with those of Hood et al. (1976) who also found 
that a marginal biotin deficiency could result in low liver pyruvate carboxylase activities 
and increases in liver size and blood lactate level. However, using an unspecified broiler strain 
and different diets, they found increased hepatic activities of acetyl-CoA carboxylase and 
malate dehydrogenase in birds with large livers not clinically affected with FLKS and con-
cluded that the livers became enlarged and hyperfunctional in an attempt to metabolize 
pyruvate by pathways independent of pyruvate carboxylase, e.g. lipogenesis. In the present 
studies, malate dehydrogenase was found to be depressed by the low-biotin diets and was 
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not correlated with liver size. Mean acetyl-CoA carboxylase activity was higher in birds 
with low pyruvate carboxylase activities, but the difference was not statistically significant 
and was heavily influenced by one very high value, with the result that there was no signifi-
cant correlation between the activities of the two enzymes. These findings are consistent 
with those of Balnave & Pearce (1976). Although we thus agree that enlargement of the liver 
is associated with a decrease in pyruvate carboxylase activity in birds fed on marginally 
biotin-deficient diets, we have not obtained any evidence that the enlargement is associated 
with an increase in the activities of enzymes associated with alternate pathways for meta- 
bolizing pyruvate although the rate of flux through these pathways has not been measured 
in vivo by either. group of workers. 
Our studies also explained the role of dietary fat and protein in reducing the incidence of 
FLKS because birds fed on diets 1105. 2 and 3, the diets supplemented with fat and protein 
respectively but containing the same amount of biotin as diet no. a, had higher mean pyruvate 
carboxylase activities than those fed on diet no. a. Balnave, Cumming & Sutherland (1976) 
have also shown this effect of fat. The occasional occurrence of FLKS with these diets is 
explained by the variation in individual enzyme activities. For example, one bird fed on diet 
no. 3 had an activity of 36 umol/h per l  g, a level sufficiently low to render it susceptible to 
FLKS. As a confirmation of the findings with diet no. a, this bird also had a high plasma 
lactate dehydrogenase activity (2603 1umol/h per I), a high plasma triglyceride C 16 . 1 : C18 . (2.5) and a large liver (50 g/kg body-weight). 
Increased dietary fat or protein levels are known to reduce lipogenesis (Yeh & Leveille, 
1969; Yeh et al. 1970) which might reduce the amount of biotin required for acetyl-CoA 
arboxylase activity. Beacuse it is a cytoplasmic enzyme, acetyl-CoA carboxylase might have 
Freer access to the available biotin than the intra-mitochondrial pyruvate carboxylase; hence 
decrease in acetyl-CoA carboxylase might leave more biotin available for pyruvate 
arboxylase. The measured activities of acetyl-CoA carboxylase were less with diets nos. 
a and 3 than with diet no. a, although the differences were not significant. However, with 
both diets nos. 2 and 3, there were significant negative correlations between the two enzymes, 
i. finding consistent with the above hypothesis. 
The findings of this study and their interpretation suggest that FLKS may be considered 
to be a biotin-deficiency condition, albeit not a simple one. Similar relationships occur 
between the metabolic criteria with different types of low-biotin diet although the extent of 
:he various changes brought about by biotin deficiency are affected by other dietary con- 
;tituents. When these other factors combine to maximize the effect of the deficiency on 
iver pyruvate carboxylase activity, the birds become susceptible to FLKS. Thus FLKS is 
art of the spectrum of biotin deficiency, although its actual occurrence is also dependent 
)nenvironmental factors. 
rhe authors thank Drs W. G. Siller and P. A. L. Wight for the histological diagnoses of 
FLKS, Mrs C. C. McCorquodale and Mr P. W. Teague for assistance with the design of 
he experiment and analyses of results, Mr J. Armstrong, Miss A. J. Campbell and Mrs C. E. 
4cNeill for technical assistance and Hoffman-La Roche & Co., Basle, for biotin analyses. 
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Biotin deficiency and fatty liver and kidney syndrome in chicks 
given purified diets containing different fat and protein levels 
By C. C. WHITEHEAD, D. W. BANNISTER, A. J. EVANS, 
W. G. SILLER AND P. A. L. WIGHT 
Agricultural Research Council's Poultry Research Centre, 
West Mains Road, Edinburgh Eli9 3JS 
(Received z  April 5975 - Accepted 8 July 1975) 
i. The occurrence of biotin deficiency and fatty liver and kidney syndrome (FLKS) in 
chicks was studied using a 2 X 2 X 2 X 2 factorial-design experiment in which the variables were 
dietary biotin, fat and protein, and starvation. 
a. The severity of biotin deficiency, using growth retardation and severity of dermal lesions 
as criteria, was least when the low-biotin diet also contained low levels of fat and protein. 
Addition of fat or protein increased the severity of the deficiency. Tissue fatty acid composition 
was affected by biotin deficiency only in those birds given the low-protein, low-fat diet. The 
main change was an increase in the ratio, 16: I fatty acids: i 8:o fatty acids. Plasma glucose and 
free fatty acid levels in non-fasted birds were unaffected by the dietary variables. 
3. Mortality from FLKS with the diet containing low biotin, fat and protein levels was 52% 
at 28 d, but was reduced or eliminated when the dietary level of any of these ingredients was 
increased. 
. Starvation considerably increased the incidence of FLKS in the period immediately 
after fasting, and also affected plasma glucose and free fatty acid concentrations. Liver fatty 
acid composition indicated an increase in the proportion of 18: o at the expense of 16: i and 
x8:i, irrespective of diet, except when the bird developed FLKS, when i6:i and i8: 
concentrations increased in proportion, at the expense of 18: o. 
. The relationship between biotin deficiency and FLKS, and a possible mechanism for the 
induction of FLKS by starvation are discussed. 
It has been found recently that fatty liver and kidney syndrome (FLKS), a fatal 
condition in chicks, is a metabolic disorder that can be influenced by several nutri-
tional factors. The incidence of FLKS can be reduced by increasing the amounts of 
protein (Whitehead & Blair, 1974a) or fat (Blair, Whitehead & Teague, 1975; 
Whitehead, Blair, Bannister & Evans, 5975) in a practical broiler diet which caused 
high mortality, and can be virtually eliminated by supplementing the diet with biotin 
(Payne, Gilchrist, Pearson & Hemsley, 1974; Whitehead & Blair, 1974b; Whitehead, 
Blair, Bannister, Evans & Jones, 1975). 
The characteristic changes associated with FLKS are fatty infiltrations of liver, 
kidney, heart and other organs (Wight & Slier, 5975) reduced plasma glucose con-
centrations, increased plasma free fatty acids (FFA) and sometimes also increased 
plasma triglyceride levels (Bannister, Evans & Whitehead, 1975a;  Evans, Bannister 
& Whitehead, 5975). Changes are found also in liver and kidney fatty acid composi-
tion: there is a large increase in the proportion of 16: i fatty acids and a large decrease 
in that of 18: o fatty acids, as well as a smaller increase and decrease in the proportions 
of 18:1 and 16:o respectively (Whitehead, 5975). 
Although the syndrome is associated with diets of low available biotin content, 
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birds dying from it need not show any of the recognized signs of biotin deficiency 
(Whitehead, Blair, Bannister, Evans & Jones, 1975). The usual signs of biotin 
deficiency are dermal lesions of the feet, eyelids and angles of the beak. Other signs 
are poor growth and feathering, abnormalities of the shape of the beak and sometimes 
perosis (Scott, Nesheim & Young, 1969). Changes have also been reported in tissue 
fatty acid composition, mainly an increase in the ratio, 16: i fatty acids: 18: o  fatty 
acids (Roland & Edwards, 1971).  The results of a recent study of biotin deficiency, 
using diets containing high levels of protein and fat, confirmed most of these findings, 
except those for fatty acid composition, and did not suggest any changes characteristic 
of FLKS (Whitehead, Bannister, Wight & Weiser, 1974). 
The hypoglycaemia that is an important feature of FLKS is thought to be due in 
part to a failure of hepatic gluconeogenesis. Biotin is a cofactor for pyruvate car-
boxylase (EC 6.4. I. I; pyruvate: carbon-dioxide ligase (ADP)), a key enzyme in gluco-
neogenesis, and addition of biotin has been found to restore hepatic gluconeogenesis 
both in vitro and in vivo in FLKS (Bannister, 1975; Bannister et al. 1975 a). Although 
this mechanism explains why biotin prevents FLKS, it does not suggest how biotin 
deficiency as such might initiate the syndrome. However, starvation has been found 
to result in an increase in mortality from FLKS in the period immediately after 
fasting (Hemsley, 1973; Whitehead, Blair, Bannister & Evans, 1975) and may trigger 
the syndrome by placing a sudden demand on the bird's gluconeogenic system which 
it is unable to meet. 
The object of the present study was to determine the relationship between biotin 
deficiency and FLKS in chicks given diets containing different fat and protein levels 
and to study the role of starvation in inducing the syndrome. All the main factors 
known to be involved in the two conditions were used as criteria. 
EXPERIMENTAL 
Diets 
The compositions of the biotin-deficient diets (diets I, 3, 5 and 7)  are given in 
Table I. Diets i and 3  had the same protein level (18o g crude protein (CP)/kg) but 
low and high fat levels (io and 150 g maize oil/kg respectively). Diets 5  and  7  con-
tained 26o g CP, and io and 150 g maize oil/kg respectively. In the high-fat diets the 
maize oil was added at the expense of starch, and cellulose was added as an inert filler 
so that all diets were isoenergetic. The difference between the two protein levels was 
made up from a mixture of crystalline amino acids. Thus the main protein source and 
only source of biotin, Promine-R, an isolated soya-bean protein (Oppenheimer 
Casing Co., Edinburgh), was present in all diets in the same amount. The mean 
biotin content of the diets was found, by microbiological assay (Wright & Skeggs, 
1944), to be ooi mg/kg. 
The control diets (diets 2, 4, 6 and 8) were obtained by the addition of 05 mg 
biotin/kg to diets i, 3 , 5 and 7 respectively. 
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Table i. Composition (g//g) of biotin-deficient diets given to chicks 
Diet no. 
Ingredient 
Maize starch 447 97 367 17 
Sucrose zoo zoo zoo zoo 
Promine-RO 196 196 196 196 
Amino acid mixturef - - 8o 8o 
Cellulose 35 245 35 245 
Sawdust 50 50 50 50 
Maize oil 10 150 10 150 
CaCO3 13 13 13 13 
CaHPO4 28 28 28 28 
Glycine 2 2 - - 
DL-methionine 3 3 - - 
L-threonlne i I - - 
Vitamin mixturet 75 75 75 75 
Mineral mixtures 75 75 75 75 
Chemical analysis 
Dry matter 924 924 928 940 
Crude protein (nitrogen x 6.25) x82 18z 258 264 
Diethyl ether extract II 153 12 149 
Calculated gross energy (MJ/kg) 12 - 7 I27 I27 I27 
* Oppenheimer Casing Co., Edinburgh. 
j Contained (g/kg): L-lysine 81, L-argrnine 81, L-aspartic acid 125, L-threonlne 47,  L-glutarnic acid 
235, L-proline 31, L-glyclne 31, DL-methionine 47,  L-valrne 31, L-leucine 94,  L-phenylalanlne 31, 
L-tyrosine 31, L-histidine 31, L-isoleucine 62, t-alanine 31, L-tryptophan i. 
X Supplied (/kg diet): retinol 600 Itg, cholecalciferol 15 sag, -tocopherol 17 mg, menaphthone 1-5  mg, 
thiamin 4mg, riboflavin 7  mg, pantothenic acid 20 mg, nicotinic acid 54  mg, pyridoxine 6 mg, choline 
chloride g, pteroylmonoglutamic acid 2 mg, cyanocobalamin 003 mg, myo-inositol oi g, p-amino-
benzoic acid z mg. 
§ Supplied (/kg diet): K2CO3  sz g, NaCl 27 g, CuSO4.1120 15  mg, K105 o6 mg, FeSO4 .7H20 
025 g, MgCO3 'z g, MnCO3 009g. ZnO 25 Ing, 11 31103 9 mg, C0SO4 .71120 i mg, Na2M004 .2H2O 
25.mg, Na2SeO3 03 mg. 
Procedure 
Expt i. Female Ross I broiler chicks (i d old) were weighed, wing-banded and 
allocated to eighteen compartments in a tier brooder, twelve birds/compartment. 
Diets 2-8 were each fed to birds in two compartments, but diet x was supplied to 
four compartments as a high mortality rate was expected. Food and water were freely 
available and the daily light cycle was 23 h light and i h darkness. 
The birds were weighed weekly and all those that died were examined post mortem. 
At 28 d of age, ten birds/diet were assessed subjectively for severity of lesions of 
biotin deficienëy and marked on a scale ranging from o (no lesions) to 5 (very severe 
lesions). Blood samples (5-10 ml) were taken and these birds were then killed by 
decapitation. Samples of various tissues were taken for chemical and histological 
analysis. A further ten birds/diet were deprived of food for 18 h overnight. At the 
end of this period, samples were taken for analysis as described previously. 
Expt 2. As a result of the high mortality from FLKS up to 28 d of age among birds 
given diet i in Expt i, a second experiment was done to determine mortality up to 
56 d of age. Fifteen i -d-old, female Ross I broiler chicks were housed in a tier 
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Table a. Live weights and severity of dermal lesions at 28 d of age in chicks given 
biotin-deficient or biotin-supplemented diets with high or low protein and fat contents 
Severity of lesionst 
Live wt (g) 
No. of Angles Total 
Diet" chicks Mean SE Feet of beak Eyelids score 
Biotin-deficient 
i (low-protein, low-fat) 23 322 110 20 24 o6 50 
3 (low-protein, high-fat) 24 239 9b 30 30 o8 68 
5 (high-protein, low-fat) 23 286 86 30 zi 01 52 
7 (high-protein, high-fat) 24 190 7' 32 30 09 71 
Biotin-supplemented 
z (low-protein, low-fat) 24 4.46 156 0 0 0 0 
4 (low-protein, high-fat) 24 431 126 0 o o o 
6 (high-protein, low-fat) 24 494 17f 0 0 0 0 
8 (high-protein, high-fat) 24 428 126 0 0 0 0 
a, b, c, d, e, f, Values for live wt with the same superscript did not differ significantly (P > 0 .05). 
' For details of diets, see Table i and p. x,6. 
t Assessed on scale from o (no lesions) to 5  (very severe lesions). 
brooder and given unrestricted access to diet i up to S6 d of age. (There were no 
control birds in this experiment.) All birds that died were examined post mortem. 
Methods 
Tissues for histological examination were fixed in formol-saline (ioo ml formalin/l 
physiological saline (9 g NaCl/l)) and, for the study of lipid distribution, frozen 
sections were stained with Sudan IV. Diagnosis of FLKS was made on the basis of 
fatty infiltration in liver, kidney and heart as described by Wight & Siller (i). 
Tissue lipids were extracted by the method of Foich, Lees & Sloane Stanley (1957) 
and fatty acid compositions were determined by the methods described by Whitehêad 
(i). 
Glucose content was determined in plasma by an automated enzymic method 
(Morley, Dawson & Marks, 1968) and plasma FFA and triglyceride concentrations 
were estimated as described previously (Evans et al. 1975). 
RESULTS 
Expti 
Live weight. Values for live weight of chicks at 28 d of age are given in Table 2. 
There was no significant (P > 005) difference in weight between birds given the 
two low-protein, control diets (diets 2 and 4).  Birds given the high-protein, low-fat, 
control diet (diet 6) were significantly (P < 005) heavier than those given the 
low-protein, control diets or the high-protein, high-fat diet (diet 8). Birds given the 
biotin-deficient diets (diets i, 3 , 5 or  7)  had considerable growth reductions which 
varied depending on the fat or protein content of the diets. Birds given the low-
protein, low-fat diet (diet i)had the lowest growth reduction (124 g). Addition of fat 
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Table 3.  Incidence of fatty liver and kidney syndrome (FLKS) at 28 d of age or after 
fasting for a further 18 h among chicks given biotin-deficient diets with high or low 
protein and fat contents 
No. of chicks, among groups of ten examined/ 
treatment, showing histological changes of FLKS 
No. of At 28 d of age After 18 h fast 
Total deaths up - 
no. of to 28 d of No. of No. of survivors 
Diet* chicks age deaths showing lesions 	Total 
z (low-protein, low-fat) 48 25 3 6 	 4 	 10 
3 (low-protein, high-fat) 24 0 0 0 	 I 	 I 
s (high-protein, low-fat) 24 1 2 0 	 3 	 3 
7 (high-protein, high-fat) 24 0 0 0 	 0 	 0 
* For details of diets, see Table i and p. 116. 
(diet 3)  or protein (diet ) further reduced growth, to similar extents (c. 200 g), and 
addition of both dietary factors (diet 7)  reduced growth still further (238 g). 
Lesions typical of biotin deficiency. Lesions of biotin deficiency observed on birds 
given diets i, 3 , 5 or  7  were similar. There was dermatitis around the angles of the 
beak and of the feet and in severe cases papillomas occurred. At about 3  weeks of age, 
dermatitis also developed on the eyelids and in severe cases birds became unable to 
open their eyes, although the reason for this was unclear since the birds were not 
photophobic and there were no obvious signs of secretions which might have caused 
the eyelids to stick together. Bathing the eyes in water or saline had little effect on 
the condition. 'Parrot' beak and indentations on the ventral surface of the upper beak 
were also observed, as was abnormal feathering. The seventies of the lesions varied 
with the diet (Table 2). Lesions were least severe among birds given diet i and most 
severe on those given diet 7.  No signs of biotin deficiency were seen on birds given 
diets 2, 4, 6 or 8. 
Lesions typical of FLKS. The incidence of FLKS is given in Table 3. Mortality up 
to 28 d was high (twenty-five of the forty-eight birds) among birds given diet i. 
In addition, three of the ten apparently healthy birds examined at 28 d had fatty 
infiltration of tissues and changes in liver fatty acid composition typical of FLKS. 
One bird given diet 5  died from FLKS and two of the ten killed at 28 d showed mild 
histological signs of the syndrome. Birds with unrestricted access to diets 3  or  7  did 
not show any clinical signs or histological lesions of FLKS. 
On withdrawal of food for 18 h at 28 d all birds previously given diet i developed 
the syndrome. Of the ten birds in the group, six had died and the remaining four 
were showing clinical signs and histological changes ranging in extent from severe to 
mild by the end of 18 h period. No birds previously given diets 3, 5 or  7  had died by 
the end of this period. However, in group 3 one bird showed mild histological changes 
and, in the group given diet 5,  two birds showed mild lesions and another showed 
severe lesions of FLKS. 
(Mean values with their standard errors for ten birds/treatment) 
Diet* 
Biotin-deficient 
I 3 5 7 2 
(low-protein, (low-protein, (high-protein, (high-protein, (low-protein, 
low-fat) high-fat) low-fat) high-fat) low-fat) 
Type r—' ---m r'—  
of bird Mean 	sa Mean SE Mean 	SE Mean 	SE Mean SE 
Glucose (rnmol/l) Fed o8 145 02 144 	03 137 	03 146 10 
Fasted 104 	10 121 03 129 04 124 	05 137 05 
FFA(mol/l) Fed 582 	52 491 54 624 	64 612 	52 667 105 
Fasted 1041 	179 596 21 598 34 385 23 728 64 
Triglyceride (mg/1) Fed 68o 	120 690 40 560 	30 540 	20 560 50 
Fasted 700 	100 56o 40 430 30 520 40 460 40 
0 For details of diets, see Table i and p. i x6. 
Biotin-supplemented 
6 8 
(low-protein, (high-protein, (high-protein, 
high-fat) low-fat) high-fat) 
Mean 	SE Mean 	SE Mean SE 
132 	09 151 	UI 142 o8 
140 	04 153 	o6 144 02 
722 	65 721 	61 642 58 
458 28 658 68 375 28 
550 	6o 380 	50 480 40 






Table 4.  Plasma glucose, free fatty acid (FFA) and trzlyceride levels at 28 d of age or after fasting for a further 18 h 
in chicks given biotin-deficient or biotin-supplemented diets with high or low protein and fat contents 
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Table 5. Fatty acid composition of peritoneal adipose tissue at 28 d of age in chicks given 
biotin-deficient or biotin-supplemented diets with high or low protein and fat contents 
(Mean values with their standard errors for five birds/treatment) 
Component fatty acids (mg/g) 
116:o ,6;i i8:o x8:i 18:2 
Diet Mean SE Mean SE Mean SE Mean sa Mean SE 
Biotin-deficient 
i (low-protein, low-fat) 305 83 170 130 39 4' 409 I51 77 54 
3 (low-protein, high-fat) 126 5I 2 13 22 83 300 10I 550 147 
s (high-protein, low-fat) 300 69 93 129 87 90 430 I2I 91 87 
7 (high-protein, high-fat) lao ii 10 2I 41 41 287 92 539 136 
Biotin-supplemented 
a (low-protein, low-fat) 295 32 105 8o 53 61 483 74 64 42 
4 (low-protein, high-fat) 128 31 9 16 23 47 278 43 562 112 
6 (high-protein, low-fat) 311 246 88 8o 64 35 460 199 100 49 
8 (high-protein, high-fat) 113 33 3 07 33 2 . ' 285 3'6 566 45 
* For details of diets, see Table i and p. 116. 
FLKS did not occur in any bird given the biotin-supplemented diets. 
Plasma glucose, FFA and trz'lyceride levels. Values for plasma glucose levels of fed 
birds (killed at 28 d) (Table 4)  indicated no statistically significant (P > o.os) 
dietary effects. Fasted birds previously given diet i had hypoglycaernia typical of 
FLKS. Birds given the other low-protein diets (diets 2, 3 and  4)  also had significantly 
(P < 0.05) reduced plasma glucose levels as a result of fasting; birds given diet z 
had the greatest reduction. Plasma glucose levels of birds given the high-protein 
diets (diets 5,  6,  7  and 8) were not significantly affected by starvation. 
There were no statistically significant (P > 0.05) effects of diet on the plasma FFA 
levels of fed birds (killed at 28 d of age). Fasting resulted in a considerable increase 
in FFA levels in birds previously given diet i. Fasting had no statistically significant 
effect on levels in birds previously given other biotin-deficient diets, but caused a 
reduction of levels in birds given diets 4,  6 and 8. 
Hyperlipidaemia was not found in any group. 
Tissue fatty acid composition. The amounts of C 16 and C18 component fatty acids in 
adipose tissue of fed birds are given in Table 5. Birds given diet i had a higher pro-
portion of 16: x fatty acids and less 18:o than did those given diet 2. Addition of fat 
or protein to the diet considerably altered adipose tissue fatty acid composition but 
the biotin level of these other diets had no effect. The adipose tissue fatty acid 
compositions of fasted birds were also determined but these were not found to 
differ from those of fed birds given the same dietary treatment. The occurrence of 
FLKS among fed or fasted birds did not affect adipose fatty acid composition. 
Liver fatty acid compositions are given in Table 6. The only significant (P < 0.05) 
effects of biotin deficiency occurred with the low-fat, low-protein diet (diet i) where 
there was an increase in the proportion of 16: x fatty acids and a decrease in that of 
18: o fatty acids compared with birds given diet 2. 
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Table 6. Fatty acid composition of liver at 28 d of age or after fasting for afurther 18 h 
in chicks given biotin-deficient or biotin-supplemented diets with high or low protein and 
fat contents 
(Mean values with their standard errors for five to ten birds/treatment) 
Component fatty acids (mg/g) 
16:o 	16:1 	
1
8:o 118:1 18:2 
Diet* 	 Type of bird 	Mean SE 	Mean 	SE 	Mean 	SE Mean 	SE Mean SE 
Biotin-deficient 
i (low-protein, low-fat) 	Fed 	 309 	11 -4 	163 	I27 	65 	70 379 	I2I 84 7c 
Fed (FLKS) 	276 67 234 59 29 38 402 II•I 59 6 
Fasted (FLKS) 	255 	76 	209 	I24 	32 	37 417 	I12 8 5 6 
3 (low-protein, high-fat) 	Fed 	 1 99 	96 4 	12 	284 izi 	6-2 391 9 
Fasted 207 91 	5 11 	298 	81 107 	122 383 121 
(high-protein, low-fat) 	Fed 	 278 	38 76 	9I 	i86 	175 368 	11 7 96 I2 
Fed (FLKS)f 	245 233 35 - 408 - 84 - 
Fasted 	 280 	72 	49 	1104 	211 	247 300 	I48 167 ,o: 
Fasted (FLKS)t 246 	- 210 - 30 	- 441 - 73 - 
7 (high-protein, high-fat) 	Fed 	 221 	iiz 	5 	18 	292 	74 137 	88 346 i 
Fasted 212 88 3 i8 332 7 .0 96 28 356 Iz 
Biotin-supplemented 
2 (low-protein, low-fat) 	Fed 	 297 	I46 	56 171 	155 397 	18-11 8o 12 
Fasted 280 35 29 	53 256 85 284 156 151 9 
4 (low-protein, high-fat) 	Fed 	 216 	90 	II 	22 239 	95 143 	115 387 9 
Fasted 245 91 7 21 309 	101 97 	10-7 344 7 . 
6 (high-protein, low-fat) 	Fed 	 296 	134 	6o 	54 i8o 	,o-8 399 	I5I 6 ; 
Fasted 256 40 22 26 286 97 261 93 174 6 
8 (high-protein, high-fat) 	Fed 	 238 	811 	5 	13 287 	245 122 	9_I 348 I2 
Fasted 213 7.0 5 04 315 	104 113 84 354 11 
FLKS, fatty liver and kidney syndrome; fed, birds not showing histological changes of FLKS when 
killed at 28 d of age; fed (FLKS), birds dead from or showing severe histological changes of FLKS at 
autopsy; fasted, birds not showing histological changes of FLKS after 18 h fast; fasted (FLKS), birds 
showing severe histological changes of FLKS after 18 h fast. 
* For details of diets, see Table x and p. I 16. 
1-  Values for one bird. 
Liver fatty acid compositions of birds given diets i and 5  which died from spon-
taneous FLKS were similar and indicated the characteristic changes of the syndrome, 
i.e. increases in the proportions of the monounsaturated fatty acids at the expense of 
saturated fatty acids. Similar changes were found with these diets in birds which 
developed severe FLKS during the period of starvation. All fasted birds previously 
given diet i had changes typical of FLKS. However, with all other diets, fasting 
caused characteristic changes in the liver fatty acid compositions of birds which did 
not show signs of FLKS. These changes were mainly increases in the proportions 
of 18: o  fatty acids and decreases in those of 18: i fatty acids, but with diets 2, 5 and 6 
there were also decreases in the proportions of 16: i fatty acids and increases in the 
proportions of 18:2 fatty acids in fasted birds. 
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Expt 2 
Of the fifteen birds used in this experiment, fourteen 	%) had died from FLKS 
by 5 weeks of age. The remaining bird survived until the end of the experiment at 
8 weeks of age, when it was killed. 
DISCUSSION 
In these experiments both the severity of biotin deficiency and the occurrence of 
FLKS were affected by nutritional factors other than the biotin level of the diets. 
The biotin-deficient diets all contained the same amount of biotin (o.oi 5 mg/kg), 
which was one-tenth of the requirement estimated by Anderson & Warnick (1970) 
and all birds given these diets developed the typical signs of biotin deficiency (Scott 
et al. 1969). However, the severity of the signs, using retardation of growth and 
severity of dermal lesions as criteria, was affected by both the fat and protein levels of 
the diets. By both criteria, biotin deficiency was least severe with the low-fat, low-
protein diet and addition of either fat or protein to the diet increased the severity of 
the deficiency. The deficiency signs were most severe when the diet contained both 
high fat and high protein levels. Roland & Edwards (iii) have reported that un-
saturated fat can increase the severity of biotin deficiency but the similar effect of 
protein does not appear to have been reported previously. 
Tissue lipid composition was affected by biotin deficiency only with the low-fat, 
low-protein diet. In both adipose tissue and liver lipids there was an increase in the 
ratio, palmitoleic acid: stearic acid. Similar changes have been found previously with 
biotin-deficient, fat-free or low-fat diets (Roland & Edwards, 1971) and it has been 
suggested that the palmitoleic acid: stearic acid ratio might be used to assess biotin 
status in the chick (Edwards, Denman & Jackson, 1973). However, these changes do 
not occur in biotin deficiency when the diet contains, high fat or protein levels. 
The FLKS that developed in birds given the purified diets used in these experi-
ments was identical to that previously described in birds given practical diets. There 
were fatty infiltrations in liver, kidney, heart and other tissues (Wight & Siller, 1975), 
reduced blood glucose and increased blood FFA levels (Bannister et al. 1 975a; 
Evans et al. 1975) and characteristic changes in liver fatty acid composition (White-
head, 1975). Also, the syndrome was associated with the same responses to diet that 
had been found in field trials, because its incidence could be reduced by increasing 
fat or protein levels (Whitehead & Blair, 1974a;   Blair et al. 1975) and eliminated by 
increasing the biotin level (Payne et al. 1974; Whitehead & Blair, 1974b). With 
practical diets containing 18o g CP, 18 g diethyl ether extract and about oo6 mg 
available biotin/kg, mortality in a series of experiments averaged about 25 % up to 
8 weeks of age (Blair et al. 1975; Whitehead, Blair, Bannister & Evans, 1975; White-
head, Blair, Bannister, Evans & Jones, 1975). In the present experiment a purified 
diet with similar protein and fat levels (8o g CP, io g diethyl ether extract/kg) but 
lower biotin content (0.015  mg/kg) caused 93 % mortality from FLKS in the same 
period. 
Fasting was an effective means of inducing FLKS, although the possibility could 
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not be excluded that in some instances spontaneous FLKS had started before the 
fasting period, since the histological and biochemical changes found in starvation-
induced FLKS resembled in every respect those of the spontaneous syndrome. 
Fasting was most effective in inducing FLKS with diets that were already causing the 
syndrome. Thus every bird that had been given the low-protein, low-fat diet (diet i) 
was either dead from or showed signs of the syndrome 18 h after food had been with-
drawn. In contrast, only one bird given the low-protein, high-fat diet (diet 3)  was 
showing mild histological signs, and none of the birds given the high-protein, high-fat 
diet (diet 7)  showed any signs of FLKS after fasting. 
Fasting had marked effects on liver fatty acid composition. When FLKS did not 
occur, the principal change in birds given each diet was an increase in the proportion 
of 18:o fatty acids at the expense of the monounsaturated fatty acids. This change 
was the exact opposite of that which occurred when a bird developed FLKS. There 
is thus no evidence that fasting initiates FLKS by its effect on fatty acid metabolism. 
Fasting resulted in a marked increase in plasma FFA levels only in birds which had 
developed FLKS. However, the levels were unexpectedly high in all fed birds 
(killed at z8 d of age) and, although there was no explanation for this, it would 
account for the absence of increased levels after fasting, with diets other than diet i. 
Plasma glucose levels were reduced in all birds showing signs of FLKS and also 
in fasted birds previously given diets 2, 3, 4 and  5  not affected by the syndrome. 
Reduced glucose concentration is a normal effect of fasting, but the magnitude of 
the decrease appeared to be related to the dietary factors associated with FLKS. 
In particular, there was a large decrease in blood glucose levels in birds given the 
low-protein, low-fat diet (diet a). This response may be explained by the relative 
paucity of dietary glucogenic amino acids and glycerol from triglyceride; the low 
levels of hepatic glycogen in birds of this age (Bannister et al. 1975a)  may also 
contribute to the effect. The importance of the gluconeogenic pathway in the normal 
metabolism of the young chick is not well understood, although it is known that the 
activities of certain gluconeogenic enzymes decrease after hatching (Pearce & Brown, 
1974 It is possible therefore that when low-fat, low-protein diets are fed gluconeo-
genesis is reduced further. 
Biotin is also a cofactor in the lipogenic pathway, and both low dietary protein and 
low dietary fat levels are known to result in increased rates of hepatic lipogenesis 
(Yeh & Leveille, 1969; Yeh, Leveille & Wiley, 1970). Therefore, in birds given a 
low-fat, low-protein, high-carbohydrate diet of limited biotin content, most of the 
biotin may be bound to the acetyl-CoA carboxylase (EC 6.4.11. z;  acetyl-CoA: 
carbon-dioxide ligase (ADP)) involved in lipogenesis with little free biotin available for 
pyruvate carboxylase. Therefore a period of prolonged fasting might induce acute 
hypoglycaemia and resultant FLKS in birds previously given this diet. In contrast 
the results suggest that gluconeogenesis is not impaired in birds given high-fat or 
high-protein diets even in the presence of very low biotin levels and this may be due 
to the availability of glucogenic amino acids and glycerol, which by-pass pyruvate 
carboxylase. 
This proposed mechanism for the induction of FLKS by fasting may not account 
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for the occurrence of spontaneous FLKS as there is no evidence that, in the latter, 
birds have experienced prolonged fasting or that their digestion of carbohydrate is 
.mpaired (Bannister, Evans & Whitehead, 1975 b). Nor does it suggest that FLKS 
is a biotin-deficiency condition alone. However, if FLKS is a direct result of biotin 
deficiency, then this is an unusual situation in which, depending on the fat or 
protein content of the diet, a deficiency of biotin may result in either severe dermal 
I lesions or less severe dermal lesions but possible death from FLKS. 
The authors thank Mr I. Fender for assistance with the fatty acid analyses and 
F. Hoffmann-La Roche & Co., Basle, for biotin assay of the diets. 
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Chicks were fed on biotin-deficient low- and high-protein diets 
supplemented with increasing concentrations of biotin. 
Biotin deficiency decreased hepatic activity of pyruvate carboxylase 
[EC 6.4.1.1] but activity of acetyl-CoA carboxylase EEC 6.4.1.2] was 
comparatively unaffected. 
Increasing dietary protein increased the severity of biotin deficiency 
as assessed by skin lesions and decreased plasma biotin concentrations. 
The severity of the skin lesions over all the treatments was most 
closely related to plasma biotin concentration. 
INTRODUCTION 
Previous studies have shown that the manifestations of biotin deficiency in 
broiler chicks depend upon the amounts of other nutrients in the diet (Whitehead 
et al., 1976). Thus, with low dietary concentrations of protein and fat, biotin 
deficiency results in moderate depression of growth and severity of skin lesions but 
in a high incidence of fatty liver and kidney syndrome (FLKS). However, addition 
of protein and/or fat to the diet produces more severe growth depression and skin 
lesions but there is almost total freedom from FLKS. 
Metabolic explanations for the effects of these nutrients on FLKS have been 
proposed (for a review, see Bannister, 1979). However, the specific metabolic 
defects responsible for the occurrence of skin lesions, and the role of protein in 
increasing the severity of these, are not known. The present experiment investigated 
aspects of biotin metabolism associated with the occurrence of skin lesions in birds 
fed on diets containing different concentrations of biotin and protein. 
MATERIALS AND METHODS 
Diets 
The experiment was of a factorial design involving two dietary concentrations 
of protein and four of biotin. The compositions of the basal diets are given in Table 1. 
The low-protein diet contained 180 g crude protein (CP)/kg and the high-protein 
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TABLE 1 
Composition of basal low- and high-protein diets 
Ingredient (g/kg) Low-protein diet 	High-protein diet 
Wheat 720 720 
Herring meal 30 30 
Isolated soya protein' 100 100 
Starch 105 
Low-vitamin casein ... 105 
Limestone flour 16 16 
Dicalcium phosphate 20 20 
Salt 3 3 
DL-Methionine 1 1 
Vitamin and mineral supplement 2 5 5 
Analyses (per kg) 
Crude protein (N x 6.25) (g) 183 281 
Calculated available biotin (pg) 27 29 
1 Promine D; Oppenheimer Casing Co., Edinburgh. 
Supplied per kg: copper 36 mg, iodide 04 mg, iron 80 mg, magnesium 300 mg, manganese 100 mg, 
zinc 50 mg, retinol 2000 pg, cholecalciferol 20ig, a-tocopherol 17 mg, menaphthone 13 mg, riboflavin 4 mg, 
nicotinic acid 28 mg, pantothenic acid 10 mg. 
diet, containing 280 g CP/kg, was derived from it by adding low-vitamin casein at 
the expense of starch. Both were calculated to contain similar low concentrations 
of available biotin (about 30 pg/kg). The other diets were obtained by supplement-
ing the basal diets with 40, 100 of 170 ILg biotin/kg. 
Procedure 
The birds used were female Ross broilers, obtained as l-d-old chicks from the 
Poultry Research Centre hatchery. They were housed in compartments of 
electrically-heated, four-tier brooders and had free access to food and water. Each 
diet was fed from 1 d old to groups of 15 chicks and food consumption and body weight 
were measured weekly. At 4 weeks the severity of lesions on the under-surfaces of 
the feet was assessed subjectively on a scale ranging from 0 (no lesions) to 5 (very 
severe). Samples of blood (2 ml) were taken from the wing vein into a heparinised 
tube for measurement of blood pyruvate carboxylase activity and plasma biotin 
concentration. The birds were killed and the liver was removed and weighed. 
Samples of liver from 10 birds in each group were taken for measurement of biotin 
concentration and activities of acetyl-CoA carboxylase and pyruvate carboxylase. 
Results were statistically assessed by analysis of variance for a factorial design. 
Analytical methods 
Acetyl-CoA carboxylase (acetyl-CoA: carbon-dioxide ligase (ADP-forming) 
[EC 6.4.1.2]) activity in liver homogenates was measured as described by Whitehead 
et al. (1978). 
Pyruvate carboxylase (pyruvate: carbon-dioxide ligase (ADP-forming) [EC 
6.4.1.1]) activity was measured in blood by the technique of Bannister and White-
head (1976) and in liver by the method of Bannister (1976). 
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Biotin in plasma and liver was measured microbiologically by the method of 
Wright and Skeggs (1944). 
RESULTS 
The results of the experiment are given in Table 2. Proportionately similar 
growth depressions occurred with the basal diet at both protein concentrations. 
Lesions characteristic of biotin deficiency occurred with both basal diets: there was 
ulceration of the foot pad, cracking and bleeding of the under-surfaces of the digits, 
acanthosis and hyperkeratinisation. Milder lesions occurred with the diets sup-
plemented with 40 g biotin/kg, but at both biotin concentrations the lesions were 
much more severe at the higher protein concentration. 
Liver weight relative to body weight was consistently greater with the high-
protein diet except at the lowest concentration of biotin. Liver enzyme activities 
were expressed in terms of total activity per unit of body weight in order to give a 
better indication of metabolic capacity. The higher dietary protein concentration 
significantly (P < 0.05) depressed acetyl-CoA carboxylase activity but there was no 
significant effect of biotin at either protein concentration nor any interaction between 
the two factors. Pyruvate carboxylase activity declined (P< 0.001) with decreasing 
dietary biotin concentration at both protein concentrations but there was no overall 
effect of protein and the interaction was not significant. Liver biotin concentration 
was closely related to dietary concentration but was unaffected by protein. 
Blood pyruvate carboxylase specific activity was closely related to dietary biotin 
concentration and was depressed with the high. protein diets at intermediate 
biotin concentrations. Plasma concentration was highly dependent upon dietary 
biotin concentration and was significantly (P < 0.05) depressed by dietary pro-
tein. 
DI SC Us 510 N 
The higher concentration of dietary protein increased the severity of the skin 
lesions caused by low dietary biotin content, although the effect on growth depres-
sion was not so marked as that found previously (Whitehead et al., 1976). It can, 
however, be inferred that extra protein increased the requirement for biotin since 
blood pyruvate carboxylase activity, a better criterion of biotin requirement than 
growth rate in small scale experiments (Whitehead and Bannister, 1980), was 
depressed by protein at intermediate dietary biotin concentration but was unaffected 
at the highest. 
Although liver biotin concentration was highly dependent upon dietary biotin 
content, there were no consistent effects of protein. However, the biotin-dependent 
enzymes were affected by both dietary biotin and protein concentrations. Acetyl-
CoA carboxylase activity was lower at the higher protein level, as might be expected 
when the requirement for lipogenesis is decreased (Yeh and Leveille, 1969). How-
ever, large changes in dietary and liver biotin concentrations were not reflected by 
changes in the activity of this enzyme at either protein concentration although 
activity was lowest with the high protein basal diet. In contrast, liver pyruvate 
carboxylase activity was very sensitive to dietary biotin content. There was, how- 
TABLE 2 
Body weight, severity offool lesions and liver and blood characteristics of 4-week-old chicks fed on diets containing different  concentrations of biotin and protein 
Condition of birds Liver Blood 
Dietary available 	Dietary crude Live weight 	Severity of Weight Biotin Biotin 
biotin (sg/kg) protein (g/kg) (g) 	foot lesions (g/kg live weight) ACC PC (ng/g) 	PC (ng/l) 
30 	 180 353±15 1'1±02 322±28 1068±180 1156±129 802±132 13± 2 1060±250 	t' 
280 387±29 	27±04 323±16 646±109 1621±200 769± 55 	10± 2 420± 40 
70 	 180 429±18 	02±01 281±11 847±112 4079±276 1940±150 	55± 7 1960±330 
280 508±23 06±02 336±21 814± 78 3312±322 1396±115 37± 5 1350±320 
130 	 180 417±19 	0 26•5±64 1169±260 7776±856 2805±310 	116±11 2560±520 
280 472±20 0 302±18 792±168 7297±806 2389±346 84± 8 2090±300 
200 	 180 426±14 	01 297±11 1042±151 9770±896 3054±283 	111± 4 4700±460 
280 477±21 0 322±1'0 888±205 9271±909 3883±470 114±11 2500±510 
z 
ACC: Acetyl-CoA carboxylase activity expressed as total jLrnol substrate converted in liver per h per 100 g body weight at 38 °C. 
PC: Pyruvate carboxylase, in liver, expressed as total jsmol substrate converted per h per 100 g body weight, in blood, expressed as smol substrate converted 	t'l 
per g haemoglobin per min at 38 T. 
Values are means±SEM of 15 birds on each diet. 
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ever, no consistent effect of dietary protein; enzyme activity being higher with the 
biotin-supplemented low-protein diets but lower with the basal low-protein 
diet. 
The effects of the protein x biotin interactions on hepatic enzyme activities 
were not statistically significant. Nevertheless an interpretation consistent with 
these and earlier data (Whitehead et al., 1978) is that, with biotin-deficient diets 
containing normal or low protein concentrations, activity of the cytoplasmic enzyme 
acetyl-CoA carboxylase is maintained whereas that of the mitochondrially-situated 
pyruvate carboxylase is not. However, a high-protein diet requires disposal of 
excess amino acids, some of which (e.g. alanine) may be metabolised to glucose, for 
which pyruvate carboxylase is necessary. Under these conditions the enzyme is 
maintained at a higher relative activity, even at the expense of a small decrease in 
the amount of biotin available for acetyl-CoA carboxylase. 
The occurrence of FLKS is associated with low hepatic pyruvate carboxylase 
activities (Bannister, 1976). The more general biochemical effects of biotin de-
ficiency, such as reduced synthesis of proteins (Posnanskaya, 1957), RNA (Dak-
shinamurti and Litvak, 1970) and purines (Misry and Dakshinamurti, 1964) have 
also been attributed to a lack of pyruvate carboxylation leading to an inadequate 
supply of the 4-carbon precursors required as intermediates for many metabolic 
pathways (Achuta Murthy and Mistry, 1977). However such effects do not explain 
the dermal lesions since these were associated with the largest inhibition, not of 
pyruvate caboxylase, but of acetyl-CoA carboxylase. The dermal lesions are 
characterised by abnormalities of keratin formation and an increased brittleness 
which may be due to the decreased lipid content and abnormal composition in skin 
lipids that have been observed (Logani et al., 1977). However, the comparatively 
small decrease in activity of acetyl-CoA carboxylase with the high-protein basal diet 
makes it perhaps unlikely that the hepatic activity of this enzyme is a factor in the 
occurrence of skin lesions. 
A more likely cause of the skin lesions is a local metabolic failure. Blood-biotin 
concentrations were depressed by the high dietary protein content, perhaps as a 
result of increases in nitrogen excretion or enzyme turnover rates, and were exceed-
ingly low with the high-protein basal diet. However, irrespective of dietary protein 
concentration, the scores for the dermal lesions with the different treatments showed 
a close inverse relationship with plasma biotin concentration. Skin normally 
accounts for a significant proportion (6%) of total lipid synthesis in young chicks 
(Yeh and Leveille, 1973). Thus, a poor circulatory supply of biotin to peripheral 
tissues is likely to result in a severe impairment of biotin-dependent metabolic 
pathways, such as lipogenesis, in the skin. An important cause of the dermal lesions 
in biotin deficiency may therefore be an impairment of synthesis in the skin of the 
lipids required for normal skin health. 
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I. Chicks were given biotin-deficient diets containing either suboptimal (low) or supraoptimal (high) concen-
trations of protein from I -d-old until they were used during their fourth week of life. The low-protein diet 
predisposed chicks to develop fatty liver and kidney syndrome and the high-protein diet to develop classical biotin 
deficiency signs. Two other groups, as controls, received biotin-supplemented rations. 
Low dietary protein increased lipogenesis by isolated hepatocytes but had little effect on gluconeogenesis 
compared to high dietary protein. 
Low dietary protein decreased activities of hepatic isocitrate dehydrogenase (EC I . I . I .42), fructose-
1,6-bisphosphatase (EC 3. 1 .3. 11) and glucose-6-phosphatase (EC 3. 1 .3.9; GP) and increased activities of fatty 
acid synthase (FAS), citrate cleavage enzyme (EC 4. 1 .3.8; CCE) and malate dehydrogenase (decarboxylating) 
(EC 1. 1. 1 .39). 
When biotin deficiency was superimposed, the rate of lipogenesis by isolated hepatocytes (from fed birds) 
was decreased. Gluconeogenesis from lactate and glycerol was also depressed. 
Activity of OP was further decreased by biotin deficiency on the low-protein regimen and FAS and CCE 
were further increased. PK activity was increased by biotin deficiency. 
Classical biotin deficiency in chicks is expressed as slow growth, poor feathering, perosis 
and dermatitis (for a review of the condition, see Whitehead, 1978). Although classical biotin 
deficiency is largely an experimental curiosity, the condition has been reported under 
commercial circumstances, particularly amongst turkey poults (Robblee & Clandinin, 
1953). A number of years ago an apparently-unrelated condition was described in 
commercial broiler flocks to which the name fatty liver and kidney syndrome (FLKS) was 
given (Marthedal & Velling, 1958). Signs of the syndrome differ from those of classical biotin 
deficiency: the onset is sudden, the chick becomes progressively weaker and usually dies 
within 24 h. FLKS affects chicks most commonly between 3 and 5 weeks old and may cause 
mortality as high as 20%; with experimental diets mortalities of this level are routinely 
obtainable (Whitehead & Blair, 1976). 
Despite the dissimilarity between the signs of FLKS and biotin deficiency, there is much 
evidence that the former is responsive to the vitamin (Payne et al. 1974; Whitehead et al. 
1976b) although the incidence is greatly influenced by the major dietary constituents (Blair 
et al. 1975; Whitehead & Blair, 1974) and the environment (Whitehead & Blair, 1974; 
Whitehead et al. 1975). 
The interrelationship between the way biotin deficiency is manifested and major dietary 
constituents (protein and fat) was clearly demonstrated (Whitehead et al. 1976a) by using a 
series of biotin-deficient diets with varying protein and fat compositions. These produced a 
range of expressions from severe classical biotin deficiency signs on a high-protein, high-fat 
diet to modest signs but almost complete susceptibility to FLKS on a low-protein, low-fat diet. 
The observation of an interaction between biotin deficiency and major dietary constituents 
which radically alters the expression of that deficiency is of scientific interest because it 
implies that such an interaction distorts either normal development, or control mechanisms 
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of major metabolic pathways. At present, no similar phenomenon has been reported in any 
other species except the turkey, in which FLKS has been induced under laboratory 
conditions (Whitehead & Siller, 1983). 
In order to learn more about the nature of the interaction at a biochemical level two 
semi-purified biotin-deficient diets were employed. One contained suboptimum protein 
(low-protein) whilst the other was supraoptimal (high-protein) because it is known that 
rations of the former type predispose chicks to FLKS, whereas the latter increases severity 
of classical deficiency signs (Whitehead et al. 1976 a). 
MATERIALS AND METHODS 
Procedure 
The birds were female I -d-old Ross broilers obtained in groups of about twenty at weekly 
intervals. On arrival the chicks were assigned at random to one of four separate 
compartments on the bottom tier of a four-tier heated brooder. Each compartment was 
supplied with one of the following four diets: (1) biotin-deficient, low-protein (FLKS-
inducing), (2) supplemented control, (3) biotin-deficient, high-protein (enhanced signs of 
classical biotin deficiency), (4) supplemented control. The composition of these diets is given 
in Table 1. After 1 week, the group was moved up to the next tier of the brooder in order 
to make room for the subsequent group. This procedure was repeated so that the oldest 
chicks (from week 4 to week 5) were housed on the top tier. 
For experiments using isolated hepatocytes and for determination of enzyme activities, 
only chicks from the top tier were used. For a separate experiment, in which live weight 
and blood pyruvate carboxylase activity (EC 6.4. 1. 1; PC) were measured, the chicks were 
used when 3 weeks old (see p.  293) and were returned to the brooder thereafter. This 
Table 1. Composition (g/kg) of experimental diets 
(The estimated biotin content of the basal diet was 110 pg/kg of which approximately 40 jug was 




Wheat 717 717 717 717 
Starch 100 100 - - 
Low-vitamin casein 30 30 130 130 
Isolated soya-bean protein 100 100 100 100 
Limestone 15 15 15 15 
Dicalcium phosphate 25 25 25 25 
Methionine 3 3 3 3 
Lysine 2 2 2 2 
Salt 3 3 3 3 
Vitamin and mineral mixt 5 5 5 5 
Rovimix H2 - 001 001 
Chemical analysis 
CP 	 192 	192 	274 	274 
Metabolizable energy (MJ/kg) 	126 126 128 128 
CP, crude protein (nitrogen x 6.25). 
e FPD 950; Food Production Developments Ltd, London. 
t Supplied (mg/kg diet): retinol 2, cholecalferol 20 pg. z-tocopherol 17, menadione 13, thiamin 16, riboflavin 
4, nicotinic acid 28, pantothenic acid 10, pyridoxine 9, folic acid 5, choline 08 g, cyanocobalamin 40 pg. copper 
35, iodide 04, iron 80, magnesium 300, manganese 100, zinc 50. 
Containing 20 g D-biotin/kg; Roche Products Ltd, Dunstable. 
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procedure was chosen because enzyme activity is high at this age (Whitehead & Bannister, 
1978) and it was assumed that they would recover in the following 7-14 d. 
Thus, the chicks were maintained at a density of five or six per compartment until their 
fifth week. In those experiments where the effect of starvation was to be studied they were 
removed to a separate compartment and deprived of food for a period of 18-24 h. Water 
was available at all times. 
Individual experiments were replicated using chicks from several groups. 
Preparation of samples 
Blood was withdrawn into a heparinized syringe for determination of PC activity, which 
was performed on 3-week-old birds that were weighed at the same time. 
For determination of enzyme activities, chicks were killed by cervical dislocation and 
portions of liver removed, homogenized in the appropriate buffer and assayed by the 
methods described below. A sample of liver was taken at the same time for determination 
of wet weight: dry weight. 
In order to minimize post-mortem changes in activity, enzyme assays were divided into 
small groups such that the liver samples could be processed quickly. 
Isolated hepatocytes were prepared as described previously (Bannister & O'Neill, 1981). 
Enzyme assays 
Blood PC activity was measured by the method of Bannister & Whitehead (1976). 
Enzymes associated with lipogenesis. Fatty acid synthase (FAS) was assayed according to 
Arslanian & Wakil (1975) in the supernatant fraction (100000 g for 1 h at 4°) from a 
homogenate (200 g/l) prepared in 005 M-potassium phosphate, pH 74, 1 mm-dithiothreitol 
(DTT) and 1 mm-EDTA. Malate dehydrogenase (decarboxylating) (EC 1. 1. 1 .39; MDH) 
was assayed according to Wise & Ball (1964) as described previously (Whitehead et al. 1978). 
Isocitrate dehydrogenase (EC I . 1 . 1 .42; IDH) was assayed according to Balnave & Pearce 
(1969) except that the homogenate (200 g/l) prepared in 0- 1 M-potassium phosphate, 
7 mm-2-mercaptoethaf101, pH 70, was centrifuged for 2 min in a Beckman Microfuge 
(approximately 12000g) at room temperature. Citrate cleavage enzyme (EC 4.1.3.8; 
CCE) was assayed according to Osterlund & Bridger (1977) in the supernatant fraction 
(100000 g for 30 min at 2°) from a homogenate (250 g/l) prepared in 025 M-sucrose, 
005 M-potassium phosphate, 005 M-sodium fluoride, 25 mm-DTT and 25 mm-EDTA, pH 
7•0. 
Enzymes associated with gluconeogenesis. Phosphoenolpyruvate carboxykinase (EC 
4. 1 . I . 32; PEPCK) was assayed according to Seubert & Huth (1965) as described by 
Bannister& O'Neill (198 1). Fructose- 1,6-bisphosphatase (EC 3. 1.3. 11; FBP) was measured 
according to Wallace & Newsholme (1967) in the supernatant fraction (100 000 g for 1 h 
at 4°) from a homogenate (25 g/l) prepared in 002 M-TriS buffer (adjusted to pH 80 at 
4° with hydrochloric acid), 2 mm-magnesium sulphate and 0 I mm-EDTA. Glucose-6-
phosphatase (EC 3. 1 .3.9; GP) was assayed according to Harper (1963). 
Enzymes associated with glycolysis. Phosphofructokinase (EC 2. 7. 1. 11; PFK) was 
assayed at subsaturating (0-4 mm) and saturating (10 mm) concentrations of fructose-
6-phosphate according to Clarke et al. (1979). Pyruvate kinase (EC 2. 7.1.40; PK) was 
also assayed according to Clarke et al. (1979), at saturating (66 mm) phosphoenolpyruvate 
concentration in the absence and presence of 100 1tM-fructose-1,6-bisphosphate. The 
pyruvate dehydrogenase complex (PDH) was assayed according to Hinman & Blass (198 1) 
as adapted to chick liver (Bannister, 1982). The homogenizing medium included 005 M-NaT 
to reduce phosphatase-mediated induction of activity. In this case, the mitochondrial 
pellets were frozen in liquid nitrogen and stored at - 70°. 
All assays were performed at 40° with the exception of PDH which was assayed at 25°. 
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Gluconeogenesis and lipogenesis by isolated hep atocytes. The rates of gluconeogenesis from 
fructose, glycerol and lactate were determined. Each precursor was present at an initial 
concentration of 10 mm and incubations, in quadruplicate, were performed for 30 min at 
40°. Glucose in the medium was assayed by an automated version of the method of Huggett 
& Nixon (1957) and corrected by subtraction of values for incubations carried out in the 
absence of precursor. 
Lipogenesis was measured by incorporation of [U- 114C]1actate into the total lipid fraction 
using the same conditions as for gluconeogenesis. In this instance, each incubation flask 
contained 5 mm-lactate and 74 KBq radioactivity. Total lipids were extracted by the 
method of Folch et al. (1957). 
Presentation of results. All values are presented as the means with their standard errors 
for the number of observations given in parentheses and statistical differences (given in the 
text) were determined by analysis of variance. 
Chemicals. All chemicals were of analytical grade and were used as supplied (British 
Drug Houses, Poole, Dorset). Purified enzymes, coenzymes and metabolites were obtained 
either from Boehringer Corporation (London) Ltd or from Sigma (UK) Ltd. [U- 14C]lactate 
was purchased from Amersham International (Buckinghamshire). 
RESULTS 
Live weight and blood PC are indicators of biotin status (Whitehead & Bannister, 1978, 
1981); values for these factors together with hepatic wet weight: dry weight values, which 
were collected during determination of enzyme activities are given in Table 2. Live weight 
at 3 weeks was significantly increased by high-protein diets (diets 3 and 4; P < 005) and 
also by inclusion of biotin (diets 2 and 4; P < 0001). 
Blood PC was significantly increased by added biotin (P < 0001) although the effect of 
high protein in reducing activity fell short of statistical significance. 
Both of these observations are consistent with earlier findings that high-protein diets 
increase the severity of classical biotin deficiency (Whitehead et al. 1976a; Whitehead & 
Bannister, 1981). 
The values for liver wet weight: dry weight showed an interaction between biotin, protein 
Table 2. Live weight, blood pyruvate carboxylase (EC 6.4. 1. 1; PC) activity and liver 
wet weight: dry weight in chicks given low- and high-protein, biotin-deficient diets 
(Diets I and 3 were low- and high-protein respectively and both were biotin-deficient. Complete 
compositions are given in Table 1. Results are given as mean values with their standard errors for no. 
of observations shown in parentheses. Statistical differences were calculated by analysis of variance and 
are given in the text) 
Blood PC 	 Liver wet wt: dry wt 
Live wt at 	(nmol CO, incorporated 
3 weeks (g) /ml per h) Fed 
	
Starved (18-24 h) 
Diet 







1 	325 	10(20) 	425 43 (20) 386 	0-05(24) 361 	0-07(21) 
2 0 354 8 (20) 615 55(20) 352 0-07(21) 387 0-04(24) 
3 	330 	12 (20) 	323 32(20) 378 	0-04(22) 380 	0-03 (25) 
4 396 10(20) 579 59 (20) 358 0-05(17) 376 0-04(22) 
Q  Biotin-supplemented control diets. 
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Table 3. Incorporation of [U-'4C]lactate into total lipids by isolated hepatocytes from 
chicks given low- and high-protein, biotin-deficient diets 
(Diets I and 3 were low- and high-protein respectively and both were biotin-deficient. Complete 
compositions are given in Table I. Isolated hepatocytes were incubated, in quadruplicate, in the presence 
of 5 mm-lactate containing 74 KBq radioactivity, for 30 min at 400.  Total lipid was extracted by the 
method of Foich el al. (1957). Results are given as mean values with their standard errors for four 
observations. Statistical differences were calculated by analysis of variance and are given in the text) 
[U- 14C] Lactate incorporation 




no. Mean SE Mean SE 
1 317 69 219 5.4 
2* 1517 398 373 172 
3 258 76 175 42 
4* 663 67 111 10 
* Biotin-supplemented control diets 
Table 4. Gluconeogenesis from fructose, glycerol and lactate by isolated hepatocytes from 
chicks given low- and high-protein, biotin-deficient diets 
(Diets I and 3 were low- and high-protein respectively and both were biotin-deficient. Complete 
compositions are given in Table I. Isolated hepatocytes were incubated, in quadruplicate, in the presence 
of the appropriate precursor for 30 min at 40°. Correction was made for glucose released in the absence 
of precursor. Results are given as mean values with their standard errors for no. of observations shown 
in parentheses. Statistical differences were calculated by analysis of variance and are given in the text) 
Glucose (mol/g dry wt per h at 40°) 
Fed 	Starved (18-24 h) 
Diet 




225 37 328 41 
2* 	150 41 414 97 
3 96 25 406 49 
4* 	105 17 388 27(5) 
1 	13 5 47 10 
2 20 6 64 6 
3 	21 16 55 5 
4* 32 5 72 4(5) 
1 	21 	4 	201 	59 
2* 133 42 573 140 
3 	3 	3 	257 	21 
4* 98 24 478 58 (5) 
Biotin-supplemented control diets. 
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Table 5. Activities (mmol/g dry wt per h at 40°) of lipogenic enzymes in the livers of 
chicks given low- and high-protein, biotin-deficient diets 
(Diets I and 3 were low- and high-protein respectively and both were biotin-deficient. Complete 
compositions are given in Table I. Activities were measured in fresh tissue by the techniques described 
on p.  293. Results are given as mean values with their standard errors for no. of observations in 
parentheses. Statistical differences were calculated by analysis of variance and are given in the text) 
Fed 	 Starved (18-24 h) 
Diet 
no. 	Mean 	se 	Mean 	SE 
Fatty acid synthase 
556 1.62(6) 147 024(6) 
2D 209 0-47(7) 076 0-10(7) 
3 240 0-48(5) 108 0-10(7) 
4 221 0.31(5) 115 017(6) 
Citrate cleavage enzyme (EC 4. 1. 3. 8) 
1695 177(6) 1500 1.65(5) 
2 1252 1.42(6) 1209 1.19(6) 
3 1029 173(5) 978 0-80(5) 
4 11-43 1-23(5) 1040 0-77(6) 
Malate dehydrogenase (decarboxylating) (EC 1. 1. 1. 39) 
1 2141 240(6) 1784 3.18(6) 
2 2091 1.67(6) 2137 3.70(7) 
3 1870 275(5) 1123 1.53(7) 
4 1935 270(5) 936 1-41 (6) 
Isocitrate dehydrogenase (EC I . I . I .42) 
1 1541 3-38(7) 1722 1-62(7) 
2 1616 260(6) 2443 2.17(6) 
3 2423 3-36(6) 2724 4-25(7) 
4 2600 1-38(6) 2289 3-18(6) 
Biotin-supplemented control diets. 
and starvation (P < 0.01) which probably reflects a variety of responses to the different 
conditions. Livers from fed, biotin-deficient chicks had a higher water content than their 
controls but the reason is not clear. Chicks given the biotin-supplemented diets increased 
their hepatic water content on starvation, presumably due to mobilization of glycogen, 
triglyceride and protein. Chicks given diet 1, however, exhibited the opposite trend 
(P < 005, Student's t test), which may indicate accumulation of triglyceride as is believed 
to occur during development of FLKS (Bannister, 1979). 
Lipogenesis by isolated hepatocytes. It is known that increasing dietary protein decreases 
avian hepatic lipogenesis (Yeh & Leveille, 1969). The in vitro technique used here confirms 
this effect by demonstrating a significant (F < 005) decrease in lipogenesis by hepatocytes 
from chicks given the high-protein diets (Table 3). The effect of biotin supplementation was 
to increase significantly (P < 0.01) lipogenesis by hepatocytes from fed chicks at both 
protein levels. Starvation, which reduced lipogenesis, also abolished the effect of biotin. 
Gluconeogenesis by isolated hepatocytes. The hepatocytes exhibited similar properties to 
those reported previously (Bannister & O'Neill, 198 1) in that lactate and fructose were good 
precursors whereas glycerol was poor (Table 4). 
Fructose. Neither biotin supplementation nor the level of dietary protein had any effect 
on gluconeogenesis from this precursor. Starvation, however, significantly (P < 0001) 
increased the rate. 
Glycerol. There was no difference in the rate of gluconeogenesis from glycerol between 
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Table 6. Activities (mmol/g dry WI per h at 40°) of gluconeogenic enzymes in the livers of 
chicks given low- and high-protein, biotin-deficient diets 
(Diets I and 3 were low- and -high-protein respectively and both were biotin-deficient. Complete 
compositions are given in Table 1. Activities were measured in fresh tissue by the techniques described 
on p.  293. Results are given as mean values with their standard errors for no. of observations in 
parentheses. Statistical differences were calculated by analysis of variance and are given in the text) 
Fed 	 Starved (18-24 h) 
Diet 
no. 	Mean 	SE 	 Mean 	SE 
Phosphoenolpyruvate carboxykinase (EC 4. 1 . 1 .32) 
050 0-04(6) 045 0-09(6) 
2* 049 0-05(6) 060 0-12(5) 
3 055 0-08(5) 051 0-03(5) 
4* 	
- 051 0-02 (5) 048 0-02(4) 
Fructose- I ,6-bisphosphatase (EC 3. 1 .3. 11) 
754 094(5) 1419 1.92(6) 
2* 710 1.26(5) 1607 0.97(7) 
3 769 1-32 (5) 1880 0-68(4) 
4* 781 034(5) 1954 1.24(4) 
Glucose-6-phosphatase (EC 3.1.3.9) 
234 0-24(8) 512 0-82(7) 
2* 280 0-53(6) 706 0-50(7) 
3 469 0-58(7) 618 0-44(7) 
4* 369 0-36(5) 743 0-62(6) 
* Biotin-supplemented control diets. 
high- and low-protein diets. Biotin supplementation significantly (P < 005) increased the 
rate, as did starvation (P < 0-001). 
Lactate. The response of gluconeogenesis from this precursor was more complex than 
from the two described previously. Biotin supplementation significantly (P < 00l) increased 
the rate by hepatocytes from starved chicks but not from fed ones although the rate was 
considerably higher. High protein significantly (P < 005) decreased the rate in the presence 
of biotin supplementation but not in its absence. 
Enzyme activities. For ease of presentation, activities have been grouped into three 
functional categories, lipogenesis (Table 5), gluconeogenesis (Table 6) and glycolysis 
(Table 7). 
Lipogenic enzymes. The activity of FAS was significantly (P < 0001) reduced by 
starvation. In addition, there was a significant (P < 005) biotin-protein interaction such 
that the inclusion of either was associated with decreased enzyme activity. Including both 
together (diet 4), however, caused no further decrease. The activity of CCE was not reduced 
by starvation but there was a biotin-protein interaction (P < 005) similar to that observed 
with FAS in that additional biotin or protein was associated with lowered enzyme activity 
but inclusion of both together was without further effect. MDH activity was reduced by 
starvation (P < 005). There was no effect attributable to biotin but high dietary protein 
was again associated with reduced enzyme activity. 
There was no evidence for an effect of either starvation or supplementary biotin on IDH 
activity. In contrast to the other three enzymes in this category, the activity of IDH was 
significantly (P < 0.01) increased as a result of high dietary protein. 
Gluconeogenic enzymes. The activity of PEPCK was not affected by starvation or by 
supplementary biotin or high protein. FBP activity was significantly (P < 0001) increased 
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Table 7. Activities (mmol/g dry wt per h at 40 °) of glycolytic enzymes in the livers of 
chicks given low- and high-protein, biotin-deficient diets 
(Diets I and 3 were low- and high-protein respectively and both were biotin-deficient. Complete 
compositions are given in Table I. Except for the pyruvate dehydrogenase complex (PDH), activities 
were measured in fresh tissue by the techniques described on p.  293. Results are given as mean values 
with their standard errors for no. of observations in parentheses. Statistical differences were calculated 
by analysis of variance and are given in the text) 
Fed 	 Starved (18-24 h) 
Diet 
no. 	Mean 	SE 	 Mean 	SE 
PDHt 
033 0.03(6) 019 0.06(6) 
2° 031 0-03(7) 013 0-03(8) 
3 028 003(6) 006 0-02(6) 
4° 019 002(5) 016 0.02(5) 
PK, measured in presence of 100 /LM-fructose- I ,6-bisphosphate 
I 1110 073(6) 1017 049(6) 
2° 881 0.49(6) 963 0-90(6) 
3 1014 108(5) 9.54 0-61(6) 
4° 873 0 - 51(5) 942 0-50(7) 
PFK, 10 mm-fructose-6-phosphate 
521 0.75(6) 310 0-61(5) 
2° 404 0-66(6) 338 0-73(8) 
3 3.53 0-73(7) 266 0-23(6) 
4 4.9 059(5) 362 0-91(7) 
PK, pyruvate kinase (EC 2.7.1.40); PFK, phosphofructokinase (EC 2.7. 1. 11). 
* Biotin-supplemented control diets. 
t Assays performed on mitochondnal pellets which had been stored at - 70°. Rates were measured at 25° 
as a result of starvation and was also increased (P < 005) by high dietary protein. The 
activity of GP was also increased (P < 0.01) by high protein but in addition there was an 
interaction between biotin and starvation (P < 005). Starvation increased activity of the 
enzyme which was raised further in the presence of supplementary biotin. 
Glycolytic enzymes. The response of PDH to dietary protein, biotin and starvation was 
complex in that there was a significant (P < 005) interaction between all three variables. 
PK activity was determined in the presence and absence of its allosteric activator, 
fructose- i ,6-bisphosphate, but because there was no difference in response to the treat-
ments, only the former values are included in Table 7. Activity was not altered as a result of 
starvation or high dietary protein but was significantly (P < 005) depressed by supple-
mentary biotin. PFK activity was not affected by either protein or biotin but was lowered 
(P < 005) following starvation. Activity at subsaturating concentration of substrate 
(04 mm) showed similar responses to those seen at saturating concentration (10 mm); the 
values, therefore, have not been included in Table 7. 
DISCUSSION 
High-protein diets promote gluconeogenesis whereas those with low protein and high 
carbohydrate content increase lipogenesis. Much of the evidence reported here supports this 
general view. For example, lipogenesis by isolated hepatocytes (Table 3) was greater on 
low-protein diets than on high ones. Furthermore, the gluconeogenic enzymes FIEP and GP 
were raised as a result of feeding high-protein diets. Interestingly, the activity of JIDH was 
also raised as a result of increased protein ingestion, implying that the categorization as a 
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lipogenic enzyme (a potential source of NADPH) was not correct. Balnave & Pearce (1969) 
noted that changes in the activity of IDH did not always mirror those of other lipogenic 
enzymes. 
Gluconeogenesis by isolated hepatocytes (Table 4), however, did not show any positive 
response to high dietary protein, as might have been anticipated, and the reasons for this 
are not clear. One possibility, of course, is that in vitro techniques do not always accurately 
reflect in vivo status. Since proteins provide amino acids some of which are glucogenic, it 
would have been logical to test these rather than fructose, glycerol and lactate. However, 
they are known to be very poor precursors when using chick hepatocytes (Dickson & 
Langslow, 1978; Bannister & O'Neill, 1981). Whilst this phenomenon may be artefactual, 
there is the possibility, suggested while this work was in progress, that the liver is the site 
of gluconeogenesis from lactate but the kidneys are the major organs for gluconeogenesis 
from amino acids (Watford et al. 1981). Such a situation is clearly very different from 
that in mammals. 
When, however, biotin deficiency is superimposed on high- and low-protein intake, the 
situation becomes more complicated. As classical deficiency develops, PC activity falls more 
rapidly and to a greater extent than acetyl-CoA carboxylase (ACC) in the livers of rats and 
chicks (Achuta Murthy & Mistry, 1972). Whitehead & Bannister (1981) confirmed the 
relative susceptibility of the two enzymes to biotin deficiency. Also, they showed that, for 
a given extent of deficiency, high dietary protein is associated with a relative increase in 
depression of ACC and a relative 'sparing' of PC. 
At first sight, therefore, it is perhaps surprising that lipogenesis by isolated hepatocytes 
is reduced by biotin deficiency at both dietary protein levels (Table 3). This becomes clearer 
when the complex nature of the in vivo regulation of ACC is considered. Recent evidence 
indicates that the enzyme is subject to a reversible phosphorylation dephosphorlyation 
mechanism, in which phosphorylation promotes disaggregation of the active polymer (for 
a review, see Kim, 1979). However, transition between polymeric and monomeric forms 
of the enzyme is also controlled by metabolite concentration, citrate favouring the active 
polymer and long-chain acyl-CoA the monomer. McGarry & Foster (1980) consider this 
mechanism to be of some importance in regulation, and Meredith & Lane (1978) have 
demonstrated that the transition can occur in isolated cells in vitro. Since citrate is both 
an allostenc activator of the enzyme and (via CCE) a substrate, in the present context it 
is likely that provision of this metabolite is the limiting factor due to the diminished supply 
of oxaloacetate synthesized by PC. 
Gluconeogenesis from lactate was depressed by biotin deficiency (Table 4) which is to be 
expected since PC catalyses an obligatory step. It was anticipated that there would be little 
effect on either fructose or glycerol and, whilst this was so with the former, there was 
significant inhibition with the latter. At present it is not clear why biotin deficiency should 
decrease gluconeogenesis from glycerol since none of the enzymes directly involved are 
biotin-dependent. 
The effect of biotin deficiency on enzyme activities may be grouped under three headings: 
(group a) none: MDH, IDH, PEPCK, FBP, PFK; (group b) decreased activity: PDH, GP; 
(group c) increased activity: FAS, CCE, PK. 
Of those in group a IDH and FBP have already been discussed. MDH is believed to 
be one of the main sources of NADPH for fatty acid synthesis in avian liver and it responded 
much as expected in that low-protein (lipogenic) diets were associated with increased 
activity, and starvation with reduced activity. However, this reduction was much more 
pronounced on diets 3 and 4 than on diets 1 and 2 (Table 5). PEPCK is thought to be one 
of the rate-controlling enzymes of gluconeogenesis and it is perhaps surprising that no 
alterations in activity were detected. However, it should be remembered that much of our 
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understanding of the regulatory properties of this enzyme is based on studies with the 
cytosolic form of the enzyme, which is present in mammalian liver (e.g. the rat). In chicken 
liver the enzyme is exclusively mitochondrial (Utter, 1959) which is one of the main 
differences in control of gluconeogenesis between birds and mammals (Bannister & O'Neill, 
1981; Watford et al. 1981). PFK, a key enzyme in regulation of glycolysis, behaved as 
expected, i.e. activity was reduced by starvation. 
Of the two enzymes which showed a reduction of activity as a consequence of biotin 
deficiency (group b), the behaviour of PDH was complex and difficult to explain. This 
multi-enzyme complex is subject to regulation by phosphorylation and dephosphorylation 
and by the ratios, acetyl CoA: CoA and NADH : NAD, which decrease activity as they 
increase (reviewed by Denton & Halestrap, 1979). Further information is required before 
a detailed hypothesis can be offered, although lowered activity would be expected to inhibit 
lipogenesis because of decreased acetyl CoA synthesis and hence citrate production. 
The activity of GP was also reduced by biotin deficiency. This is most clearly seen in 
results obtained with the low-protein diet (diet 1, Table 6) and which could be significant 
for the development of FLKS because a similar observation was made in chicks suffering 
from the condition (Bannister, 1976). 
The observation of increased enzyme activity (group c) in biotin-deficient chicks reported 
here is not unique, since Balnave & Jackson (1974) have reported elevated activities of 
hepatic glutamate-pyruvate transaminase (EC 2.6.1.2) and oviducal glutamate-
oxaloacetate transaminase (EC 2. 6. 1. 1). However, an interesting feature about this group 
is that FAS and CCE are both lipogenic enzymes. We believe this is the first report of 
elevated FAS activity resulting from biotin deficiency; however, Balnave et al. (1977) have 
reported increased activity of CCE in chicks suffering from FLKS. 
Although PK was grouped with the glycolytic enzymes (Scrutton & Utter, 1968), it is 
also considered to play a role in gluconeogenesis (Feliu et al. 1976, 1977) and fatty acid 
synthesis (Ochs & Harris, 1978). In mammals, the liver contains predominantly the L-type 
isoenzyme which, like ACC and PDH, is subject to regulation by a phosphorylation 
dephosphorylation mechanism. In addition, allosteric effectors such as fructose-1,6-
bisphosphate, ATP and alanine are involved in control (reviewed by Denton & Halestrap, 
1979). The position with avian liver is not so clearly understood because the K-type (M 2) 
is the predominant species and, apparently, is not regulated by phosphorylation (Ochs 
& Harris, 1978). The evidence here indicates a role for PK in lipogenesis. 
Concluding remarks. As noted at the beginning of the Discussion, feeding a diet 
containing suboptimum protein in conjunction with a high carbohydrate content tends to 
stimulate lipogenesis and reduce gluconeogenesis. These trends are reflected in alterations 
of activities of at least some of the relevant enzymes. Biotin deficiency in addition to these 
dietary circumstances appears to exaggerate the change, leading to further elevation of some 
lipogenic enzymes (FAS, CCE and PK) and reduction of one gluconeogenic enzyme (GIP). 
These are the circumstances in which susceptiblity to FLKS is increased, and our findings 
are in agreement with the general hypothesis of Hood et al. (1976) that under such 
circumstances there is an increase in liver size and activities of lipid-synthesizing enzymes. 
Our results conflict with theirs, however, in indicating a lower rather than greater (than 
normal) rate of lipogenesis. The probable reasons for the lower rate were discussed earlier. 
There are several potential mechanisms by which the activity of an enzyme can be raised. 
First there is increased synthesis. In rats, however, biotin deficiency lowers the rate of 
protein synthesis (Dakshinamurti & Mistry, 1963; Dakshinamurti & Litvak, 1970) and 
restoration of the vitamin stimulates the rate of specific proteins from approximately 
eightfold to not at all (Boeckx & Dakshinamurti, 1974). This suggests that increased 
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synthesis may not be the mechanism. Two other possibilities exist: (1) reduced degradation 
or (2) altered kinetic properties. Further information on these possibilities is highly desirable 
and may also throw light on the question why certain enzymes are affected and not others. 
Classical biotin deficiency does not involve many changes in activities of biotin-
independent liver enzymes (of those included here) when measured in vitro. However, the 
level of circulating biotin and blood PC activity (Whitehead & Bannister, 1981) indicate 
vitamin deprivation of other tissues and it may be speculated that it is this which plays a 
major part in lowered growth rate and increased severity of dermal lesions. If the speculation 
is correct then the metabolism and turnover rate of biotin in liver would repay further study. 
The authors are grateful to Mr J. Armstrong, Mrs C. E. McNeill, Miss P. Tait and Miss 
J. R. Thomson for their skilled technical assistance, and to Mr D. Waddington for his 
assistance with the statistical analysis. 
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I. The concentrations of vitreous humour and plasma glucose were closely correlated in both healthy and fatty 
liver and kidney syndrome-affected chicks at time of death. 
The values of vitreous humour glucose and lactate decreased rapidly after death, such that they were not 
reliable indicators of the presence of hypoglycaemia immediately ante mortem. 
Hepatic glycogen was extremely low in fatty liver and kidney syndrome-affected birds, whereas significant 
quantities remained in healthy birds up to at least 24 h post mortem. 
Fatty liver and kidney syndrome (FLKS) in young chicks is a condition in which apparently 
healthy birds, normally 3-5 weeks old, die suddenly, often following minor stress. The 
condition arises when flocks are given diets marginally deficient in biotin (Payne et al. 1974; 
Whitehead & Blair, 1974; Whitehead, Blair et al. 1976). The disorder is quite distinct 
from classical biotin deficiency which is characterized by poor growth and feathering, 
perosis and dermatitis, although under certain circumstances both conditions can coexist 
(Whitehead, Bannister et al. 1976). 
Postmortem diagnosis of FLKS is based on characteristic lipid abnormalities, such as 
fatty infiltration of liver, kidney and other organs (Wight & Siller, 1975). However, these 
are secondary changes since the primary metabolic abnormality is failure of hepatic 
gluconeogenesis via pyruvate carboxylase (EC 6.4.1.1), a biotin-dependent enzyme (Bann-
ister, 1976). This results in severe hypoglycaemia, which is believed to be the cause of death. 
(For a review of the metabolic abnormalities associated with FLKS, see Bannister, 1979). 
Direct diagnosis post mortem of hypoglycaemia is difficult since histologically-obvious 
lesions do not occur and plasma concentrations change rapidly after death. The object of 
the present experiment is to try to identify, using FLKS-induced hypoglycaemia in chicks 
as a model,post mortem indices that could be of value in determining whether hypoglycaemia 
is a feature of other conditions and in other species. Of potential interest in the latter context 
is sudden infant death syndrome (SIDS). Fatty infiltrations of liver and kidneys are not 
features of SIDS but lower concentrations of hepatic biotin have been reported in. SIDS 
victims than in the livers of infants dying from other known causes (Johnson et al. 1980) 
and it has been speculated that the primary biochemical lesions in both syndromes may 
be similar. 
MATERIALS AND METHODS 
Procedure 
The birds used were broilers obtained l-d-old from a commercial hatchery (D. B. Marshall 
Ltd, Newbridge, Scotland). They were housed on floors covered with wood shavings and 
given either a low-biotin diet similar to one found on previous occasions to cause a high 
incidence of FLKS (Whitehead & Blair, 1976) or this diet supplemented with 80 1ug 
biotin/kg. Three categories of bird were used in the experiment. Hypoglycaemic birds were 
either (a) FLKS-affected chicks which were in the terminal stages of the syndrome (classes 
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IV and V of Whitehead (1975)) or (b) dead birds; those which had died from FLKS, usually 
within a very few minutes and at most not more than 30 min before experimentation. 
Controls were healthy birds given the biotin-supplemented diet. 
The birds were used when aged 3-5 weeks. Measurements of liver glycogen, vitreous 
humour glucose and lactate and plasma glucose were made in twenty-five FLKS-affected 
birds, nine dead birds and fifty controls at time of death. Liver glycogen and vitreous humour 
glucose and lactate were measured again in groups of five affected or control birds after 
storage of the carcasses for 1, 3, 6, 18 or 24 h in a cold room (2-4°) and also in groups 
of five controls stored at room temperature (18_210)  for the same periods. 
Preparation of samples 
Blood (1 ml) was taken from the wing vein into a heparinized syringe from chicks which 
were then killed by cervical dislocation. Vitreous humour was collected by removing one 
eye, puncturing the sclera close to the nerve and applying light pressure. A sample of liver 
(approximately 2 g) was taken from one lobe and cooled immediately with liquid nitrogen. 
The carcasses were then stored in polyethylene bags at room temperature or in a cold room 
for appropriate periods of time before further samples were taken from the remainder of 
the liver and the other eye in a similar manner. 
Lactate was measured immediately; glucose and glycogen samples were stored at - 20° 
until measurements were made. 
Assay methods 
Plasma and vitreous humour glucose were measured in deproteinized samples by a 
modification of the method of Huggett & Nixon (1957) in which 4-aminophenazone 
replaced 0-dianisidine in the assay medium (Trinder, 1969). Values were checked at random 
by an alternative method employing hexokinase (EC 2.7.1.1) as described by Bergmeyer 
et al. (1974). Lactate was assayed according to Gutmann & Wahlefeld (1974) and glycogen 
by the method of Walaas & Walaas (1950). 
RESULTS 
Table 1 gives the values for the chosen indices at time of death for controls (room 
temperature and cold-room groups combined), FLKS-affected birds and also for a smaller 
group of recently-dead birds. As expected, the affected groups exhibited reduced plasma 
glucose concentrations which were lower than those reported previously (Bannister et al. 
1975). In earlier work on FLKS, spuriously-low glucose concentrations were observed on 
a number of occasions, due to interference with the assay by elevated plasma urate 
concentrations (Bannister et al. 1974). This possibility was eliminated by random assays 
on a number of plasma samples using an alternative method (Bergmeyer etal. 1974) which 
was found to give similar results to those of the routine method (values not shown). Plasma 
glucose was measured in a number of the recently-dead birds and was significantly lower 
than in the FLKS-affected group. 
Vitreous humour glucose was significantly lower in affected birds than in controls and 
was further decreased in the dead group although the difference was not significant. 
The values for plasma and vitreous humour glucose concentrations of control and 
FLKS-affected groups were combined and shown to be correlated (Fig. 1). The coefficient 
of correlation was 095. 
Vitreous humour lactate concentration was lower in both affected and dead birds in 
comparison to controls. 
The greatest difference between controls and FLKS-affected chicks was demonstrated by 
the virtual absence of hepatic glycogen in the latter. The concentration was at the limits 
of sensitivity of the method used and was less than 1 % of control values. 
Table 1. Concentrations of plasma glucose, vitreous humour glucose and lactate and liver glycogen measured in 
chicks immediately after death 
(Results are given as the mean values with their standard errors; no. of observations in parentheses. Samples of the appropriate 
tissues were removed immediately following death by cervical dislocation (for control and affected birds) and analysed as described 
on p.  236) 
Tissue... 	 Plasma 	 Vitreous humour 	 Liver 
Glucose Glucose 	 Lactate 	 Glycogen 
(1tmol/ml) 
	
(mol/ml) (tmol/ml) (jmol/g wet wt) 
Group 	 Mean 	SE 
	
Mean 	SE 	 Mean 	SE 	 Mean 	SE 
Control 1191 0-20(50) 852 0-22(49) 294 0 - 05(50) 2245 16-6(50) 
FLKS-affected 3.63*** 0.40(25) 219*** 0-24(25) 264* 0-13(25) 10* 0-10(25) 
Dead from FLKS 155t 0-27( 5) 149 0-36( 8) 214 0-17( 9) 14 0-20( 9) 
FLKS, fatty liver and kidney syndrome. 
Mean values for FLKS-affected birds were statistically significantly different from control values: * P < 005, 	< 0001. 
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Fig. 1. Relationship between plasma and vitreous humour glucose concentrations (tmol/mI). Glucose concentration 
was measured in plasma immediately before death and in vitreous humour immediately post mortem in control 
birds () and in those affected by fatty liver and kidney syndrome (0). 
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Storage time (h) 
Fig. 2. Loss of vitreous humour glucose on storage. Glucose concentration (umol/mI) was measured in the vitreous 
humour of one eye immediately post mortem and subsequently in the other at one of the time intervals indicated. 
(@). Controls, stored at 2-4°; (0)  controls, stored at room temp. (18_210); (A), fatty liver and kidney 
syndrome-affected, stored at 2-4°. Points are mean values with their standard errors represented by vertical bars. 
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Fig. 3. Loss of vitreous humour lactate on storage. Lactate concentration (,zmol/ml) was measured in the vitreous 
humour of one eye immediately post mortem and subsequently in the other at one of the time intervals indicated. 
(s), Controls, stored at 2-4°; (0)  controls, stored at room temp. (18-21°); (A),  fatty liver and kidney 
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Fig. 4. Loss of liver glycogen on storage. Glycogen concentration (amol/g wet wt) was measured in a portion 
of liver removed immediately post mortem and subsequently in another sample taken at one of the time intervals 
indicated. Due to wide variation in glycogen concentration between birds, values were normalized by expressing 
them as a percentage of that measured at time of death. () Controls, stored at 2-4°; (0),  controls, stored at 
room temp. (18-21°). Points are mean values with their standard errors represented by vertical bars: 
Vitreous humour glucose was lost rapidly following death (Fig. 2), particularly during 
the first hour post mortem. Storage in the cold room retarded the decline but after 18 h there 
was very little glucose remaining. Vitreous humour glucose in affected birds was lower at 
time of death than in controls (Table 1) and had virtually disappeared 3 h later (Fig. 2). 
Vitreous humour lactate also declined quickly but unevenly after death in all three groups 
with low values being reached within 18 h (Fig. 3). 
Hepatic glycogen was lost rapidly during the first few hours post mortem from the livers 
of controls but thereafter remained relatively constant (Fig. 4). The values were normalized 
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by presenting them as a percentage of the values measured at the time of death. This was 
done because of the very large variation in glycogen concentration of the birds used. This 
phenomenon has been observed previously (Cleland & Bannister, 1979). Storage at 2-4° 
had a beneficial effect on the proportion of glycogen remaining after death. The data on 
affected birds were not included because glycogen was almost undetectable at time of death. 
DISCUSSION 
The hypoglycaemia induced in chicks by FLKS was reflected in changes in the concentrations 
of the indices examined. 
At time of death vitreous humour glucose and plasma glucose concentrations were closely 
correlated. However, vitreous humour glucose concentration declined rapidly after death 
such that, in affected birds, it was barely detectable after 6 h and in controls after 24 h 
despite storage at 2-4 0 . 
Vitreous humour lactate concentration was lower in FLKS-affected birds than in controls 
which is opposite to the finding of elevated plasma lactate in this condition (Hood et al. 
1976; Whitehead et al. 1978). Thus, vitreous humour lactate concentration does not 
necessarily reflect its status in blood. Since the retina is a glycolytic tissue, it is likely that 
the reduced concentration in vitreous humour of affected birds reflects a lowered production 
rate from glucose. The uneven rates of decline in lactate concentrations after death (Fig. 
3) are probably functions of the rates of loss of the metabolite and rates of formation from 
glucose. 
The above findings suggest that vitreous humour glucose and lactate concentrations are 
of extremely limited value in post mortem diagnosis of hypoglycaemia in domestic fowl, 
unless measured very soon after death. Storage at 2-4° slows down the rate of loss but not 
sufficiently to extend the usefulness of the measurements appreciably. However, it would 
be unwise to extrapolate from birds to other species such as man. Avian retina is the most 
active of glycolytic tissues (Krebs, 1927) and it is possible, therefore, that evidence of 
hypoglycaemia might persist longer in human vitreous humour due to a slower rate of 
glycolysis. 
During the early part of this investigation, skin glucose concentration was also considered 
as a possible factor. However, it was also found to decline quickly after death and, because 
of the relatively tedious methodology involved, it was not pursued further. 
The most successful post mortem indicator of hypoglycaemia was hepatic glycogen. Its 
virtual absence from the livers of affected birds could not be confused with controls, which 
retained significant glycogen even after 24 h storage despite wide variation in glycogen 
concentration between birds. It is likely that any condition causing hypoglycaemia due to 
failure of gluconeogenesis will be accompanied by depletion of liver glycogen. However, 
hypoglycaemia due to other causes, for example excessive insulin production, need not be 
so accompanied. 
The observations that sudden infant death sometimes follows minor illness of a nature 
normally insufficient to cause serious distress, and that the livers of SIDS victims have 
reduced biotin concentrations (Johnson et al. 1980), suggest that post mortem examination 
of liver for glycogen should be considered to determine whether hypoglycaemia is a feature 
of this condition. 
The authors are grateful to Dr A. R. Johnson for suggestions for the work and 
discussions on the relevance of it to sudden infant death syndrome and to Miss June 
R. Thomson for her skilled technical assistance. 
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Experimentally induced fatty liver and kidney syndrome in the 
young turkey 
C. C. WHITEHEAD, W. G. SILLER 
Agricultural Research Council's Poultry Research Centre, Roslin, Midlothian 
5 0 
Turkeys were fed up to four weeks of age on diets of 
low biotin content and then fasted for 18 hours. 
Three birds developed clinical signs of fatty liver and 
kidney syndrome (FLKS) and on autopsy had pale 
and swollen livers and kidneys. Morphological 
studies showed fatty accumulations in liver, kidney, 
heart and proventriculus but no signs of inflam-
matory or degenerative changes. The infiltrated lipid 
had an abnormal fatty acid composition, with an 
increased proportion of monounsaturated fatty 
acids. Affected birds suffered from severe hypo-
glycaemia and hepatic glycogen was depleted. These 
findings demonstrate that FLKS can be induced 
experimentally in turkeys. 
FATTY liver and kidney syndrome (FLKS) is a 
metabolic disorder that has been widely observed in 
young chickens (Marthedal and yelling 1958, 
Hemsley 1965, Riddell et al 1971, Lohr 1975) but has 
not been reported in any other avian species. The 
syndrome has a complex aetiology since chicks are 
rendered susceptible to it by a combination of 
nutritional factors, including low biotin, protein 
and fat levels, which impairs their gluconeogenic 
capacity (Bannister 1976, Whitehead et al 1978). 
When these birds are subject to adverse environ-
mental factors, such as stress or fasting, glycogen 
reserves are depleted rapidly and an ultimately fatal 
hypoglycaemia develops (Bannister et al 1979). 
During the hypoglycaemia lipid is deposited in liver, 
kidney and other tissues (Wight and Siller 1975); this 
lipid is mainly triglyceride and has an abnormal fatty 
acid composition (Whitehead 1975). 
The most important nutritional factor in FLKS is 
dietary biotin content. Since young turkeys have a 
higher biotin requirement than chicks for normal 
growth and development (ARC 1975) a series of 
experiments was -carried out to investigate whether 
FLKS could be induced experimentally in poults. 
Materials and methods 
Diets 
Diet 1 was a virtually biotin-free diet with low 
protein (18 per cent) and fat (1 per cent) contents. Its 
composition was similar to one found to cause 100 
per cent incidence of FLKS in chickens fasted at four 
weeks of age (Whitehead et al 1976), except that low-
vitamin casein was used instead of isolated soy 
protein. 
Diet 2 was the semi-practical wheat-based diet 
containing about 0 1 mg total biotin per kg that in a 
series of broiler experiments consistently caused 20 to 
30 per cent mortality from FLKS (diet 1 of White-
head and Blair 1976). The control birds received this 
diet supplemented with 07 mg biotin per kg. 
Methods 
Plasma glucose concentration was measured by an 
automated enzymic method (Morley et al 1968). 
Tissue lipids were extracted by the method of 
Folch et al (1957) and fatty acid compositions were 
determined as described by Whitehead (1975). 
Tissue blocks for histological examination were 
fixed either in 10 per cent formol saline for demon-
stration of lipids using frozen sections and Sudan IV, 
or in Bouin for paraffin embedding. In each case the 
liver, kidneys, heart proventriculus and adrenal 
gland were examined. In two cases, small blocks of 
liver and kidney tissue were fixed in Dalton and 
processed for electron microscopy. For comparison, 
tissue blocks from liver and kidney of control birds 
and from experimental birds that showed no gross 
changes at autopsy were processed similarly for the 
demonstration of sudanophilic lipid. 
Procedure 
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Triple 6 turkeys, obtained as day-old poults and 
housed in electrically heated tier brooders with wire 
floors. In the first, 10 birds were fed diet 1 from day 
old. At 28 days all poults were fasted overnight for 18 
hours. After their condition had been noted, all birds 
were killed and tissue samples were taken for 
analysis. 
In the second experiment, 80 poults were fed diet 2 
and 20 were fed a control diet in each case from day 
old to 28 days. At this time 10 birds from each group 
were killed  and blood and tissue samples were taken 
for analysis. The remaining birds were fasted over-
night for 18 hours. They were then killed and samples 
were taken for analysis as before. 
Results 
Clinicalfindings 
Growth of poults fed the low-biotin diets was 
depressed (mean four-week live weights were 160 g in 
experiment 1 and 421 g in experiment 2 compared 
with 452 g for controls) and they showed dermal 
lesions characteristic of moderate to severe biotin 
deficiency. However there were no signs of FLKS up 
to 28 days. Before fasting all birds were alert but 
after 18 hours one bird in experiment 1 and two in 
experiment 2 were showing clinical signs typical of 
FLKS. One bird was assessed as category iii on the 
scale suggested by Whitehead (1975) and the others 
as category iv. The birds were killed and autopsy 
showed the livers and kidneys were pale and, in two 
cases, markedly swollen. One bird also had pinkish 
adipose tissue. The gizzards were empty except for a 
small amount of bile-stained fluid. No obvious 
alteration was found in the size of the thyroid gland. 
Livers and kidneys of birds not showing clinical signs 
of FLKS were normal in appearance. 
Histopat hological findings 
Liver. In the three clinically affected birds, cells of 
the liver parenchyma appeared normal apart from a 
depletion of glycogen and a moderate intracellular 
deposition of sudanophilic lipid droplets. The 
distribution of the droplets was fairly random; there 
was no specific intralobular localisation. 
Kidney. Apart from a diffuse deposition of 
sudanophilic lipid in all the proximal convoluted 
tubules, the kidneys of the affected birds were 
normal. Lipid was not demonstrated in any other 
segment of the nephron (Fig 1) and there were no 
degenerative or inflammatory changes.  
there was an infiltration of the oxynticopeptic cells 
with large lipid droplets which appeared as empty 
vacuoles in paraffin sections. 
Adrenal gland. In haematoxylin and eosin and 
picro-Malory stained sections the normal tinctorial 
difference was lost between the medullary and 
cortical cells. 
Myocardium. Moderate amounts of lipid were 
present in fine droplets in the myocardial muscle 
fibres without evidence of accompanying degenera-
tive or inflammatory changes. 
Electron microscopy 
Liver and kidney tissues from the affected birds 
examined with the electron microscope showed 
changes described as typical for FLKS in chicks 
(Siller and Wight 1976). Both in cells of the proximal 
convoluted tubules and in hepatocytes large, non-
membrane-bound lipid droplets of up to about 4 pm 
in diameter were present in the cytoplasm. In the 
renal tubular and the hepatic cells there were also 
small lipoprotein-like bodies in the endoplasmic 
reticulum and outside the cell between adjacent 
plasma membranes. No retrogressive cytoplasmic 
changes were observed in either the kidney or the 
liver. 
Controls 
The control sections of liver and kidney showed 
either no sudanophilic lipid or only small amounts in 
one or other of these organs. This failed to satisfy the 
criteria for a diagnosis - ,of FLKS of heavy lipid 
deposition in liver and kidney (Wight and Siller 
1975). 
Biochemicalfindings 
Data for plasma glucose concentrations and tissue 
lipids are given in Table 1. Glucose levels in affected 
birds were less than half the normal. Lipid levels in 
livers and kidneys were elevated in all three clinically 
affected birds. 
Fatty acid composition in livers and kidneys of all 
affected birds was altered, there being an increase in 
the proportion of monounsaturated fatty acids. In 
the liver especially, this contrasted with the normal 
effect of fasting in healthy birds fed either control or 
deficient diets which was to decrease the proportion 
of these fatty acids. 
Discussion 
Proventriculus. In Sudan-stained frozen sections All the abnormalities found in turkeys in the 
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TABLE 1: Plasma glucose concentrations and liver and kidney lipid compositions in four-week-old poults 
Experiment 
Diet 
Length of fast )hours( 











0 	 18 
Unaffected 	Unaffected 
Number of birds 9 1 10 68 2 10 10 
Plasma glucose (mg/100 ml) 228 213 105 234 220 
Liver lipid )%of dry wt) 17-7 259 16-0 15-7 23-4 15-9 17-3 
Kidney lipid )%of dry wt) 23-9 27-3 18-9 158 29-6 22-4 17-6 
Liver fatty acid composition 16:Ot 29-4 21-0 345 41-3 31-3 33-4 32-2 
Cwt %) 16:1 4-5 7-7 6-8 2-8 9-9 7-0 6-3 
18:0 32-0 13-8 24-9 32-5 17-7 24-8 26-4 
18:1 26-9 42-1 26-2 17-2 32-1 30-1 24-8 
18:2 7-2 15-4 7-2 6-2 9-0 4-7 10-3 
Kidney fatty acid composition 16:0 32-1 248 386 349 336 340 260 
(wt %l 16:1 4-7 10-8 29 2-3 7-0 6-8 57 
18:0 29-0 10-8 24-9 24-5 17-1 16-6 21-4 
18:1 23-3 356 224 226 282 294 270 
18:2 109 180 11-2 15-7 14-1 13-2 19-9 
Unaffected pou)ts did not show any outward signs of FLKS; FLKS poults showed characteristic signs (see text) 
t Carbon chain length and number of double bonds 
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present study were very similar to those seen in 
chickens affected with FLKS. The pathological 
changes were identical with those of the fowl (Wight 
and Siller 1975, Siller and Wight 1976) except that the 
fat deposition in the liver appeared to be less severe in 
the turkeys. However this may in part have been due 
to the turkeys having been killed before the full 
progression of changes had occurred. 
The biochemical abnormalities were also typical of 
FLKS. The lipid changes were characteristic 
although, compared with chickens, the elevation in 
the proportions of the monounsaturated fatty acids 
was relatively greater in the oleic acid fraction than in 
the palmitoleic acid. The hypoglycaemia was as 
severe as seen in chickens dying from FLKS (Ban-
nister et al 1975). This observation, together with the 
depletion found in hepatic glycogen, suggests that 
the same fundamental lesion in carbohydrate 
metabolism occurs in affected birds of both species. 
Although FLKS can thus be induced in turkeys, it 
occurs at a much lower incidence than in broilers. 
Diets which resulted in very high mortalities in 
broilers did not cause any cases of spontaneous 
FLKS in turkeys. In the three cases induced by 
fasting the birds, although clinically severely affected, 
remained alive longer than has usually been the case 
with broilers. This greater resistance of the turkey to 
experimentally induced FLKS is perhaps surprising in 
view of its higher requirement for biotin but is 
consistent with the absence of reports of FLKS in 
turkeys under industrial conditions. 
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POULTRY NUTRITION & HEALTH 
Fatty Liver and Kidney Syndrome 
The role of dietary factors, particularly biotin, in the prevention of 
Fatty Liver and Kidney Syndrome in broiler chickens. 
By Drs. Robert Blair and Cohn C. Whitehead 
Agricultural Research Councils Poultry Research Centre 
Kings Building, West Main Road 
Edinburgh EH9 3JS, Scotland 
Until very recently, Fatty Liver and Kidney 
Syndrome (FLKS) caused significant mortality in 
broilers and replacement pullets in the U.K., 
Canada. Scandinavia and Australia. Fortunately, we 
can now reduce this mortality dramatically and in 
some instances prevent it completely. 
Mortality in broiler flocks normally occurred at 
low levels (1 to 2%), but occasionally there were 
outbreaks in which mortality was much higher. The 
annual loss with broilers in the U.K. has been 
estimated at over I million pounds Sterling ($2 
million). Losses in Australia were particularly 
heavy. Apart from mortality the outbreaks probably 
caused a set-back to the growth performance of the 
flocks and may even have predisposed them to 
infection. 
Clinical Findings 
Generally, broilers are most susceptible during 
the three to four week stage, but death can occur as 
early as four and as late as 56 days of age. The first 
indication of an outbreak is a sudden increase in 
mortality of the flock with some of the birds 
appearing lethargic and drowsy (Figure I). Birds 
affected by the syndrome generally die within a few 
hours of showing the first signs. Frequently they are 
found on their sterna with the neck extended. Some 
people can detect an odor similar to tom-cat urine 
in the house during an outbreak. A common 
recommendation in the field was to starve the birds 
of feed for about 12 to 24 hours during an outbreak. 
As we will discuss later, this treatment probably 
made the condition worse. 
On autopsy, the liver is pale and swollen and the 
adipose tissue is often pink due to congested 
capillaries (this led to the name of "Pink Disease" 
being applied to the condition). The kidneys are 
swollen and usually pale: often they will cover the 
vertebral column, which is abnormal. The gizzard, 
proximal part of the duodenal loop and crop  
frequently contain blackish-brown fluid of unknown 
significance and composition. 
Histological Findings 
Abnormal deposition of lipid occurs in many 
organs. This led some feed manufacturers to omit fat 
from their broiler formulations. As we will discuss 
later, this may have seemed a logical step to take but 
it was the wrong thing to do. 
In addition to the liver and kidney the cardiac 
muscle, several regions of the alimentary tract, 
including in particular the proventriculus, some 
white blood cells and certain fibers in the limb 
muscles and autonomic plexuses may be markedly 
involved. The central nervous system, thyroid, 
pancreas and adrenal medulla often show slight 
infiltrations. Generally there is little evidence of 
degeneration. In the kidney, the mitochondria and 
other organelles are not degenerated but numerous 
large globules of lipid are present in the cytoplasm. 
The liver shows similar large globules and there are 
many smaller lipid bodies both inside and outside 
the cell (Wight and Siller. 1975; Siller and Wight. 
1976). 
Biochemical Findings 
The livers and kidneys of affected birds show a 
two-fold increase in lipid content. This is mainly 
triglyceride and has an abnormal fatty acid 
composition, namely a marked increase in the 
proportion of palmitoleic acid and a decrease in 
slearic acid. However, the fatty acid composition of 
adipose tissue is unaltered (Whitehead, 1975). 
Plasma free fatty acid levels are invariably elevated, 
due probably to increased mobilization of lipid 
depots rather than to a reduction in uptake or 
utilization since fatty acid oxidation by liver, kidney 
or heart homgenates in vitro is normal. 
Mitochondrial function, as measured by succiiate 
oxidation is normal. Plasma triglyceride level in 
affected birds is frequently elevated, mainly due to a  
marked increase in the very low density lipoprotein 
fraction. Adipose tisse lipoprotein lipase activity is 
considerably reduced tr even absent, and this is 
thought to be an important factor in the 
accumulation of lipids in the tissues and in the 
development of hyperlipamia since hepatic 
lipogenesis is not increased (Evans, Bannister and 
Whitehead, 1975). 
Serum enzyme measurements do not suggest 
impairment of liver function, and although kidney 
function is inipaired, this is probably a secondary 
effect. A consistent feature of the syndrome is 
hypoglycaemia with a relative absence of glycogen 
in the liver and heart. 
Finding the Cause 
FLKS was first encountered at the A. R.C. Poultry 
Research Centre in 1968 when, by chance, it was 
found that the incidence of mortality was correlated 
inversely with the protein level of the diet (Blair, 
Bolton and Duff, 1969). Mortality was 19% when 
the protein level was 16.8% and was nil when the 
protein level was 24%. Husbands and Laursen-Jones 
(1969) also provided evidence that a high incidence 
of mortality was associated with a low level of 
protein (18.4%) in the diet. These results suggested 
a line of approach in investigating the condition but 
they could not be taken as the explanation of field 
outbreaks since the common level of protein in 
starter broiler feeds is about 22%. The implication 
was that a factor associated with the protein, rather 
than protein level itself, was involved. 
These experiments also suggested that wheat 
might be a significant factor since the diets used 
contained high levels of wheat and wheat 
by-products, and since Husbands and Laursen-Jones 
(1969) found that mortality was nil with a diet based 
on barley and supplemented with fat to maintain the 
same energy content as in the wheat-based diet. 
A subsequent review by Laursen-Jones (1971) 
indicated that there was no evidence of an infectious 
agent being involved and that all the evidence 
pointed to a genetic/nutritional relationship. Diet 
seemed to be very important although some flocks 
sscre more susceptible to the condition than others. 
Further experiments were carried out at the 
's R.C. Poultry Research Centre to study the 
egested dietary factors in more detail (Blair etal., 
)73) Possible theories were also considered and 
estigated. 
Ihe most obvious theory to adopt was that the 
r;i hilization of lipid from the liver was prevented or 
uIuced by a deficiency of lipotropic agents. If true, 
could have explained the apparent effect of 
tein, the trouble being due to a deficiency of 
uhionine. Therefore the value of increasing the 
US ci of known or possible lipotropes such as 
Fioline, methionine, selenium and vitamin B12 was 
teted. No benefit was found and the lipotropic 
theory was therefore discarded 
A second theory was then considered, namely that 
lipid biosynthesis in the liver was abnormally high. 
The findings of Yeh and Leveille (1971) were 
important in this connection since they showed that a 
high carbohydrate diet caused a significant increase 
in lipid production in the liver. The benefit of 
replacing some carbohydrate calories with fat 
calories was therefore tested and the results 
indicated that mortality was much lower with the 
fat-supplemented diets. 
The next stage in our research was to devise a diet 
that induced the syndrome consistently at a high 
level. The specifications chosen were that the diet 
should contain a high level of metabolizable energy 
(2850 kcal per kg), and low levels of protein and 
lipid (18 and 1.9%. respectively). It was found that a 
mixture of wheat 69%. field beans (Viciafaba L.) 
18%, soybeans 4% and herring meal 6.3%, plus 
vitamins and minerals met these specifications, and 
when fed to growing broilers from day-old. 
consistently resulted in mortality from FLKS of 
about 15%. A modified mixture ("killer diet") 
containing 2950 kcal of metabolizable energy per kg 
and the same levels of protein and lipid gave even 
higher mortality of about 25%. It consisted of wheat 
65%, soybean meal 10%, herring meal 6.3%, 
isolated soya protein 3.1%. corn starch 12.8% and 
corn oil 0.1%, plus vitamins and minerals 
(Whitehead and Blair, 1974a). 
Subsequently it was found that mortality from the 
syndrome was influenced by the ratio of dietary 
energy to protein, provided that the lipid level was 
low. Mortality ranged from 0.9% with a 
metabolizable energy to crude protein ratio of 2850 
22 to 19% with a ratio of 3000 18 (Whitehead and 
Blair, 1974a). House temperature was also found to 
be an important environmental factor. One house 
was maintained at the normal recommended 
temperature and another at 3°C above this level. It 
was found that mortality was 20% higher in the 
warmer house and this effect was repeated in 
subsequent experiments. 
The possibility that mycotoxins were involved 
was investigated by mycological examination of the 
diets and by steam pelleting in an attempt to 
inactivate mold spores. No correlation between 
mold contamination and mortality could be 
established since only low levels of molds were 
found. Instead of reducing mortality, pelleting 
increased it significantly (Blair, Whitehead and 
Teague, 1975 Table I). These findings suggested 
that the syndrome was not due to mycotoxins in the 
feed, but the possible formation of toxins in litter 
could not be ruled out. However when wire floors 
were fitted in some pens the mortality increased 
from 21 to 31% (Whitehead ci al., 1975). The 
conclusion that toxins were not involved in FLKS 
was supported by histopathologica) studies on 
organs from affected birds. These did not show any 
sign of the degeneration that typically accompanies a 
toxicosis. 
These studies also confirmed that the level of 
dietary lipid was important. Mortality was found to 
be 23% when the lipid level was 2% (no added fat in 
the diet) and that it decreased to 5% when the lipid 
level was raised to 7% by supplementation with fat 
(Figure 2). Subsequently it was found that the type 
of fat was unimportant since corn oil, tallow and 
olive oil all produced similar reductions in mortality. 
Work at this stage also showed that the syndrome 
occurred equally on barley and on wheat diets 
(Figure 2). which suggested that wheat was not 
involved exclusively. 
In addition it was found that disturbing the birds 
increased the level of mortality and throughout a 
whole series of trials it was noticed that peaks of 
mortality occurred on days following a weighing of 
birds or of the feed (Whitehead and Blair, 1976). 
Stress in the form of regular disturbance (Table 2) or 
increased house temperature increased mortality. 
Withdrawing the feed for a few hours increased the 
level of mortality, is hich indicated that starvation 
during an outbreak should be prevented. 
Assessment of the results at this stage indicated 
that high mortality from FLKS was induced with a 
diet containing a low level of protein and a high 
TABLE 1. Effect of Palliating 
on 	 Mortality  
Dietary protein levol 	- 	 18 	23 
Diet as mash 	 270 	2.9 
Diet pedaled 392 92 
TABLE 2. Effect of Continual 
Stress on FLKS Mortality 
Birds 	 1 , Mortality - 
	
25D 	560 
Stressed 	 11.1 25.0 
Unstressed 2.2 	16.7  
content of energy, with most of the energy being 
supplied by carbohydrate. Mortality was reduced to 
a low level by addition of protein to the diet and the 
reduction was similar when the protein supplement 
was a protein feedstuff such as soybean meal, 
isolated soybean protein or a mixture of synthetic 
amino acids (Whitehead and Blair, 1976). Steam 
pelleting led to an increased mortality, due possibly 
to destruction or reduced availability of some 
limiting nutrients (Blair, Whitehead and Teague, 
1975). 
If a nutrient was involved then an interaction 
between it and dietary protein or carbohydrate could 
be advanced as a cause of the syndrome. Interactions 
of this type are known; for instance, the thiamine 
requirement as increased in the presence of high 
levels of carbohydrate. Other such interactions were 
possible. Since FLKS appeared to be a metabolic 
disorder associated with lipid metabolism the 
investigation therefore proceeded to study the 
nutrients that could possibly be of importance in this 
connection, These were vitamins. Increased 
evidence for the possible involvement of vitamins 
was provided in a research note from Australia 
(Hemsley. 1973) noting that molasses added to the 
diet or drinking water prevented FLKS. This 
feedstuff is known to be a rich source of certain B 
vitamins. 
It was realized at this point that none of the 
reported signs of vitamin deficiencies resembled 
those of FLKS. Therefore a comprehensive 
supplement of inositol. choline and vitamins A. D. 
E. K. B12, pantothenic acid, nicotinic acid, 
riboflavin, biotin and folic acid was used. Use of 
this supplement reduced mortality dramatically from 
21% to 1%. This was a significant break-through 
(Whitehead etal., 1975). 
The next step was to try to isolate the particular 
vitamin(s) involved in the reduction in mortality by 
feeding 24 diets supplemented with individual 
vitamins or groups of vitamins. We found that 
mortality from FLKS was 0.2% with diets 
containing biotin whereas it was 23% with diets not 
supplemented with biotin (Whitehead and Blair, 
1974h(. Inositol, choline and the other vitamins 
listed previously as well as thiamine and vitamin C 
were found to he ineffective. During the progress of 
this work Dr. Payne of the Poultry Husbandry 
Research Unit, Cambden. Australia, came to a 
similar conclusion about the involvement of biotin in 
FLKS. 
FIGURE 2. 
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TABLE 3. Biotin Content of 
Feed Ingredients (micrograms/kilogram) - 
Chick tso. 
FEEDSTUFFS Scott. availability 
Ingredient Nesheim & (Anderson & 
analysis Young Tagwerler Wamick 
Table 1974 (1969) (1974) 1970) 
AJtalfa (Lucerne). dehudrated 250-300 330 160-690 100-c 
Barley 150.200 150 80-200 48 
Beans (Vicia tabs L) 90 110 — - 
Blood meal 80 - — - 
Buttermilk. dried 290 300 - - 
Corn. (maize), yellow 80 60 20-150 100 
Corn (maize) germ meal 220 3000 — - 
Corn (Maize) gluten teed 300 300 - - 
Corn (maize) gluten meal 150 150.200 110.410 63 
Cotk,nseee meal 528-550 100 90-710 100+ 
Distillers dried grains, corn (maize) 400 700 300-450 — 
Distiller's dried grains with solubles, 
corn (maize) 700 1100 110-700 100-100 
Distillers dried solubles. corn (maize) 1100 1500 210680 89 
Fish meal. nefririg 200 420 130-840 38 
Fish meal. white - 80 150-550 25(Penavtan) 
Fish meal, menhaden 150 260 - - 
Fish meal, hake. 72% protein - - 170.500 40 
Fish meal, tune - - 200-430 25 
Fish soiubles 200 260 50-890 — 
Meat meal 140 260 — - 
Meat and bone meal 140 100-140 90-340 50-100+ 
Molasses, beef 180 - - - 
Molasses. cane 700 700 610 - 
Oats 300 110 110-300 - 
Peanut meal 390 390 330-1800 100 
Potato meal - 100 100 - 
Poultry byproduct meal - - 90-450 44 
Rice - - 120 - 
Rice bran 4200 420 420 - 
Rye 60 - 50-60 - 
Safflower meal 1400.1700 1400 770-2000 85-100 
Skimmed milk, dried 330 330 330 - 
Sorghum (milo) 180 180 150-290 40 
Soybeans, full tat 286 370 - - 
Soybean meal 330 320 180-500 1Q0 
Wheat ioo 110 60-160 48 
Wheat middlings 110 370 - - 
Wheat bran 110 480 110-480 
Whey, dried 400 250 200-400 - 
Yeast, brewers dried 5000 1300 270-1800 100 
Yeast. torula 1100 2000 250-2000 — 
Yeast, grown on whey - 1800 - 100+ 
Confirmation of the involvement of biotin was 
gained by biochemical studies at the A.R.C. Poultry 
Research Centre. Bannister et al. (1975) reported a 
failure of gluconeogenesis in affected birds and that 
the addition of biotin, a co-factor in the 
gluconeogenesis pathway, partially restored the 
ability of the liver tissue to produce glucose. Other 
evidence also suggests the involvement of biotin. 
Deficiency of this vitamin is known to increase the 
proportion of palmitoleic acid in the liver lipid 
(Roland and Edwards, 1971) and, as pointed out 
previously, this is a characteristic change in birds 
affected by FLKS. Another interesting aspect of 
biotin deficiency, in view of our findings on fat 
supplementation of the diet, is that dermal lesions 
have been shown to decrease in seventy when the 
diet was supplemented with certain fats (Roland and 
Edwards, 1971). FLKS therefore does not appearto be 
caused by a simple deficiency of biotin, though it re-
sponds dramatically to supplementation with this vi-
tamin. 
The next step in the investigation was to find out 
what level of biotin in the diet prevented FLKS. The 
biotin content of the "killer" diet can be calculated 
as being about 0.9 mg/mg (Table 3), a level similar 
to the requirement suggested by the National 
Research Council (197 1) but lower than the value of 
0.15 mg/kg suggested by Scott, Nesheim and Young 
(1969) and by the Agricultural Research Council 
(1975). The supplementary level that we used to 
prevent the condition was 0.36 mg/kg, which is very 
high. The amount required to correct deficient diets 
is probably 0.05 to 0. 1 mg/kg (0.05 to 0.1 g/metric 
ton Figure 3). The cost of supplementing a tonne of 
feed is probably less than the value of one four-
week-old broiler chicken. Biotin supplemen-
tation can also improve liveweight gain (Table 4). 
However, data on the biotin content of feedstuffs 
used in the U.K. are inadequate and data on 
bio-availability are even less adequate (Table 3). 
Feed manufacturers should therefore add a safe level  
of biotin to broiler feeds until more reliable 
information is available. 
The whole FLKS saga raises a lot of interesting 
questions. For instance, why should the U.S. have 
been free of the syndrome, yet Western Canada, 
Europe, Scandinavia and Australia affected badly? 
There are several possible reasons, one being that 
the usage of sources of unidentified growth factors 
(UGFs) has probably been more persistent in the 
U.S. than in some other couniries. After antibiotics 
were discovered several feed manufacturers in the 
U.K. and in Other countries appear to have cut out or 
reduced the level of sources of UGFs in their feeds. 
In so doing, they have cut down drastically on the 
best natural sources of biotin (Table 3). We have 
shown that FLKS can be prevented by the inclusion 
of small amounts of dried grass and dried brewer's 
yeast in the feed, and that the benefit can be 
explained in terms of their biotin content (Whitehead 
and Blair, unpublished). The use of sources of UGFs 
can be regarded as a valuable insurance policy and 
their inclusion in feeds is a practice that we endorse 
strongly. 
Molasses (particularly cane molasses) is also a 
good source of biotin and perhaps the use of pellet 
binders in place of molasses in broiler (and other 
diets) has made the situation worse. 
A related possibility is that a generally greater 
usage of supplementary fat in the U.S. has had a 
beneficial effect in helping to prevent mortality. 
Another possible explanation for the difference in 
the global incidence of FLKS is that the 
bio-avatlability of biotin in wheat tends to be fairly 
low. Thus areas such as Canada, Europe, 
Scandinavia and Australia that rely on wheat as the 
main cereal in broiler feeds are more at risk. 
The other main question relates to the induction of 
FLKS. In our work we found that peaks of mortality 
followed weighings and there are suggestions from 
the field that peaks followed vaccinations. It is 
therefore probable that some stress condition is the 
triggering mechanism. 
The progeny of young parent stock have been 
reported to be particularly susceptible (Hemsley and 
Marshall, 1973) and this is possibly related to low 
biotin reserves. We have found that supplementation 
of the breeder diet with bitoin can be beneficial 
(Figure 4), but that it does not eliminate mortality 
due to FLKS (Whitehead and Blair, 1976). It would, 
therefore, be wise to ensure that breeder diets 
Contain 0.15 to 0.2 mg biotin/kg and to increase this 
level if a severe degree of feed restriction is to be 
imposed. 
Summary 
FLKS appears to be caused by an interaction of 
factors. Low protein, fat and biotin, levels in the diet 
predispose to the syndrome and outbreaks of 
mortality are probably initiated by stress. Low biotin 
reserves in the day-old chicks are probably a 
contributory cause of mortality. 
The syndrome can be virtually eliminated by 
supplementation of grower and breeder diets with 
biotin, although the symptoms are not those of 
classical biotin deficiency. 
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TABLE 4. Effects of Biotin 
Supplementation of 22% Protein 
Diet on Live-Weight and 
Mortality at 5 Weeks 
Level of FLKS 
supplemental 	Live-weight mortality 
biotin (mg/kg) (g) (%) 
o 	 916 15.0 
0.03 942 12.0 
0.06 	 1009 2.5 
0.09 970 0.8 
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PRESENCE OF PYRUVATE CARBOXYLASE IN THE 
BLOOD OF THE DOMESTIC FOWL 
(GALL US DOMESTICUS) AND AN ASSAY PROCEDURE 
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Abstract-1. The presence of pyruvate carboxylase activity in chick blood cells has been demonstrated, 
and a simple technique for its assay is described. 
The activity requires the presence of acetyl-CoA and is inhibited by avidin. 
The level of activity increases with increasing dietary biotin concentration. 
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INTRODUCTION 
Pyruvate carboxylase [pyruvate–0O 2 ligase (ADP-
forming), EC6.4.1.1.] is a biotin-containing enzyme 
that catalyses the formation of oxaloacetate from pyr-
uvate by CO 2 fixation (see Scrutton & Young, 1972) 
and thus plays an essential role in the conversion of 
a variety of 3-carbon precursers to glucose. Studies 
into the biochemical effects of experimentally-induced 
biotin deficiency in rats (Wagle, 1966; Deodhar & 
Mistry, 1969a) and chicks (Madappally & Mistry, 
1970) have shown that the hepatic activity of this 
enzyme is reduced in comparison with appropriately 
fed controls. It is also known that the induced activity 
is a consequence of the lack of biotin because the 
apo-enzyme is present apparently in normal amounts 
(Deodhar & Mistry, 1969b; Maddappally & Mistry, 
1970). 
Another biotin-dependent enzyme, acetyl-CoA car-
boxylase [acetyl-CoA–0O 2 ligase (ADP-forming), 
EC 6.4.1.2.] has also been studied in the same exper-
imental conditions and also shows reduced activity 
through lack of the vitamin (Wakil, 1961; Dakshina-. 
murti & Desjardins, 1968; Arinze & Mistry, 1971), 
although it appears less sensitive to biotin depletion 
than pyruvate carboxylase (for a short review see 
Achuta Murthy & Mistry, 1972). The reason for this 
difference in behaviour is unknown but possibly arises 
because pyruvate carboxylase is located within the 
mitochondrion (Weiss et at., 1974) and consequently 
has more restricted access to the available biotin than 
does the cytoplasmic acetyl-CoA carboxylase. 
Biotin is not an easy vitamin to assay directly 
(recently however, methods based on binding with 
avidin have been published: Dakshinamurti et al., 
1974; Hood, 1976) and consequently alternative indi-
cators of biotin status would be desirable. Glatzle & 
Frigg (1975) have demonstrated the presence of ace-
tyl-CoA carboxylase in human, pig and chick blood, 
and for the last species, have shown that activity is 
related to biotin status. 
Because pyruvate carboxylase is likely to be a more 
sensitive indicator than acetyl-CoA carboxylase, for 
the reasons given above, and because the avian eryth-
rocyte is believed to contain mitochrondria (Harris, 
1971) we have set out to demonstrate the presence 
of this enzyme in avian blood and to devise a rela-
tively simple assay procedure that could be useful in 
assessing the biotin status of domestic fowl. 
METHODS AND MATERIALS 
Birds 
The birds were female Ross I broiler chicks obtained 
from a commercial hatchery. They were housed in a heated 
four-tier brooder and allowed unrestricted access to food 
and water from 1-day old until they were used experimen-
tally at between 4 and 5 weeks of age. 
Diet 
Three diets were fed in the course of the experiments. 
Diet 1 was a commercial chick starter diet containing 20% 
crude protein (CP) and 4% fat. Diet 2 was the low protein 
(18% CP) and fat (2%) diet found to cause high levels of 
mortality (ca. 20%) from fatty liver and kidney syndrome 
(FLKS), a biotin-responsive disorder (Whitehead et at., 
1976). Diet 3 was diet 2 supplemented with 0.07 g Rovimix 
H (1% D-biotin)/kg. The total biotin contents of the diets 
were found to be 0. 16, 0.10 and 0.78 mg/kg, respectively, 
using the radiochemical assay technique of Hood (1976). 
Preparation of blood for assay 
In the first series of experiments birds were killed by 
injection of a lethal dose of veterinary Nembutal (Abott 
Laboratories Ltd., Beckenham, U.K.) and blood was col-
lected in an ice-cold heparinised vessel following section 
of a jugular vein. A known volume was centrifuged for 
10min at approx 25009 and the plasma was discarded 
except for those experiments in which it was assayed. The 
cells were then re-suspended in an equal volume of 0.9% 
NaCl and recentrifuged. The packed cells were homo-
genized in a Potter homogenizer with a small quantity of 
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solution consisting of 0.3 M sucrose, 50 m Tris, 5 m 
ATP, 5 mM MgSO4, 0.5 mM EDTA, and 2 11M phenyl-
methyl suiphonyl fluoride, adjusted to pH 7.8 at 23-25°C 
With 1 M HCI. The homogenate was made up, either to 
initial volume or to half initial volume, with further solu-
tion and Triton X-100 was included to give a final concen-
tration of about 7.5%. Following thorough mixing, the 
homogenate was centrifuged at 40,000 g for 10 min at 4°C 
and the supernatant was assayed. 
In the second series of experiments, which were per-
formed to gain quantitative information, the procedure was 
simplified in order to save time because of the instability 
of the enzyme (see later) and to enable the use of relatively 
small volumes of blood. A sample (1 ml) of blood was cen-
trifuged for 10 min at about 2500 y, the plasma was dis-
carded and 0.75 ml of buffer containing 7.5% Triton X-100 
was added. This mixture was agitated vigorously for 30 sec 
and then assayed. The mixture was also assayed for protein 
concentration using an automated version of the method 
of Lowry et al. (1951) with haemoglobin as standard. 
Assay technique 
The assay method was derived from that described by 
Bannister (1976) but incorporates a pre-incubation step 
(Glatzle & Frigg, 1975) and the acetyl-00A generating 
system of Henning & Seubert (1964). 
The sample (100 tl) was pre-incubated for 30min at 
38°C in 0.8 ml of a medium designed to contain the follow-
ing in a final volume of 1 ml, as Mmole: Tris, 100; ATP, 
5; MgSO4, 5 at a pH of 7.8 and temperature of 38°C. 
The acetyl-CoA generating system consisted of coenzyme-
A, 0.43; acetyl phosphate, 2.5; citrate synthase [citrate oxalo-
acetatelyase, EC 4.1.3.7.7], 0.3 units; phosphotransacetylase 
[acetyl-00A: orthophosphate acetyltransferase, EC 2.3.1.8], 
2.6 units. 
Following pre-incubation, 100 p1 of NaH' 4CO 3, 30 
pmole and 0.5 pCi were added and the reaction was 
initiated by addition of 100 p1 of sodium pyruvate 
(15 pmole). Except where otherwise indicated, incubation 
was allowed to continue for 1 hr and the reaction was ter-
minated by adding 0.5 ml of 10% (w/v) trichioroacetic acid. 
After centrifugation (20 min at about 2500 g), 0.5 ml of 
supernatant was dried in vacua in a glass scintillation vial 
to which was added 0.5 ml hyamine hydroxide (1 M in 
methanol) and 4 ml of scintillation liquid consisting of 
0.4% phenyloxazole in toluene: Triton X-100 (4:1 by vol). 
Initially, the incorporation of ' 4CO 2 was corrected by 
subtraction of a control from which the acetyl-CoA gener-
ating system had been omitted. In later work, however, 
pyruvate was omitted from the control in order to allow 
for any acetyl-CoA carboxylase activity that might be pres-
ent under the assay conditions. 
Presentation of data 
The first series of experiments was designed to study 
the qualitative nature of ' 4CO2 incorporation and there-
fore results are presented as counts/mm. 
For quantitative work data are expressed as nmoles of 
' 4CO 2 incorporated/g haemoglobin per hr at 38°C. Effi-
ciency of counting was determined using n-[1-' 4C] hexade-
cane as internal standard and was found to be 74% with 
• Philips scintillation analyser PW4510/00 and 80.9% with 
• Beckman LS-230 liquid scintillation system. 
Chemicals 
Acetyl phosphate, ATP, avidin, bovine serum albumin, 
haemoglobin, sodium pyruvate, citrate synthase and phos- 
photransacetylase were purchased from the Sigma Chemi-
cal Co. (London) Ltd., U.K. NaH' 4CO 3 (0.1 mCi/rn-mole) 
was obtained from the Radiochemical Centre, Amersham, 
U.K., and all other chemicals from B.D.H. Ltd. Poole, 
U.K. 
The chemicals were of analytical or reagent grade and 
were used as supplied except for Tris, which was recrystal-
lized as described by Sutherland & Waselait (1956). 
Rovimix H was purchased from Roche Products 
Limited, Dunstable, U.K. 
RESULTS AND DISCUSSION 
Partition of activity between plasma and cells 
In a series of 6 assays the activity in plasma was 
determined directly. The results, given as counts/mm 
above background, were 16.9 ± 13.6 and -0.6 ± 10.5 
for control and assay samples, respectively. The 
values, which are extremely low, are not significantly 
different one from another and it is concluded that 
there is no measurable activity in plasma. 
Comparison of assay controls 
Two methods of control were performed on 6 
blood cell preparations. The data are presented in 
Table 1, from which it may be seen that activity in 
either control was very low. Nevertheless, activity in 
the absence of pyruvate was significantly higher than 
that observed in the absence of the acetyl-CoA gener-
ating system. This finding reflects, presumably, resi-
dual acetyl-CoA carboxylase activity in the assay sys-
tem since the enzyme is known to be present in whole 
blood (Glatzle & Frigg, 1975). Because of its higher 
incorporation rate, the pyruvate control was selected 
for quantitative work to allow for interference by ace-
tyl-CoA carboxylase. 
The observation that activity was dependent on the 
presence of acetyl-CoA as well as pyruvate supports 
the conclusion that the enzyme is pyruvate carboxy -
lase since it is known that acetyl-CoA is obligatory 
for activity of the avian enzyme (Utter & Keech, 
1963). 
Dependence of ' 4CO 2 incorporation on time and quan-
tity of enzyme 
Incorporation of ' 4CO2 showed 2 characteristics 
necessary for a satisfactory assay system in that it 
was linear with time (Fig. 1) and with the quantity 
of enzyme preparation added (Fig. 2). 
Effect of pH 
The effect of pH was examined using Tris buffers 
and the resulting pH optimum curve is given in Fig. 
3. The finding of an optimum in the region of 7.8 
is consistent with the activity being due to pyruvate 
carboxylase (Keech & Utter, 1963). 
Effect of avidin 
When avidin was included in the assay system at 
the pre-incubation stage, activity in both controls and 
assays was reduced (Table 2). The effect on the assays 
Pyruvate carboxylase in blood 
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Table I. Chick blood cell pyruvate carboxylase: comparison of assay controls 
Complete Omitting acetyl-CoA 	 Omitting substrate 
No. assay generating system (pyruvate) Difference 
(Data is given as counts/min above background) 
695.9 8.0 	 41.9 33.9 
2 . 	 692.7 14.2 36.0 21.8 
3 662.0 16.8 	 24.1 7.3 
4 158.1 9.5 19.0 9.5 
5 139.0 11.6 	 16.5 4.9 
6 162.5 14.5 19.4 4.9 
Blood cell homogenates were prepared from 3 chicks fed the high biotin diet (Nos. 1-3) and 3 fed the fatty liver 
and kidney syndrome-inducing diet (Nos. 4-6) using the method described for the initial series of experiments. Assays 
were performed by the method given in the text and controls determined by omitting either the acetyl-CoA generating 









Fig. 1. Chick blood cell pyruvate carboxylase: relationship 
between 14CO 2  incorporation and time. A blood cell 
homogenate was prepared using the method described for 
the initial series of experiments and assayed by the tech- 
nique given in Methods and Materials. Samples equivalent 
to 100 p1 whole blood were used and reactions terminated 
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Fig. 2. Chick blood cell pyruvate carboxylase: relationship 
between ' 4CO 2  incorporation and the amount of enzyme. 
A blood cell homogenate was prepared using the method 
described for the initial series of experiments and assayed 
by the technique given in Methods and Materials. Samples 
equivalent to between 50 and 200  p of whole blood were 
used and incubation was terminated in each case after 1 hr. 
Fig. 3. Chick blood cell pyruvate carboxylase: effect of pH. 
A blood cell homogenate was prepared using the method 
described for the initial series of experiments and assayed 
by the technique given in Methods and Materials. Tris 
buffers, adjusted to the appropriate pH at 38°C were used. 
Samples were equivalent to 100 p1 of whole blood and in- 
cubation was terminated in each case after 1 hr. 
was to reduce activity by more than 90% and, when 
account is taken of the corresponding control, it is 
apparent that activity has been completely eliminated. 
This, again, is strong evidence that the enzyme is bio-
tin-dependent since it is well known that pyruvate 
carboxylase (Keech & Utter, 1963), acetyl-CoA car -
boxylase (Wakil & Gibson, 1960) and other biotin-
containing enzymes are inhibited by avidin. Since the 
controls used in this experiment contained the acetyl-
CoA generating system, it is likely that their reduced 
activity in the presence of avidin was the result of 
inhibition of acetyl-CoA carboxylase. 
Reproducibility 
Six replicate assays were performed on a single 
blood homogenate preparation. After correcting each 
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Table 2. Effect of avidin on ' 4CO2 incorporation by chick blood cell preparations 
Avidin absent 	 Avidin present 
Control 	 Assay 	 Control 	 Assay 
(Data is given as counts/min above background) 
17.3 ± 3.0 	 145.6 +41.7 	 11.1 ± 1.4 	 9.9 ± 1.8 
Percentage reduction in the presence of avidin 
- 	 - 	 35.1 	 93.2 
Blood cell homogenates were prepared using the method described for the initial series 
of experiments and assayed by the technique given in Methods and Materials. Samples, 
equivalent to 100 p1 of whole blood, were assayed in the presence and absence of 0.16 units 
of avidin which was included at the pre-incubation stage. Controls in this experiment were 
performed by omitting pyruvate. The results are presented as the mean ± S.E.M. for 4 obser-
vations. 
for its control, the mean counts/min were 
819.3 ± 11.2, which represents a coefficient of vari-
ation of 1.36%. 
Stability of the enzyme preparation 
Two stability tests were performed: in the first a 
blood cell homogenate was allowed to stand at room 
temperature and was assayed at intervals thereafter, 
and in the second whole blood was kept in ice until 
an homogenate was prepared and assayed. A typical 
result for each type of test is given in Table 3. Pyru-
vate carboxylase is known to be somewhat unstable 
(Scrutton et al., 1968) and these results show that acti-
vity is lost very rapidly once the homogenate has been 
prepared. Storing whole blood in ice was much more 
satisfactory despite the fact that the enzyme becomes 
inactivated at low temperatures during purification 
(Scrutton et al., 1968). Nevertheless, it is doubtful 
whether it could be retained by this method for more 
than a few hours. Accordingly, the shortened pro-
cedure described in Methods and Materials was de-
veloped so that small numbers of samples could be 
processed quickly, thereby minimizing losses incurred 
during preparation. 
Comparison of activities on 3 diets 
The experiments presented so far were designed to 
establish the presence of pyruvate carboxylase in 
chick blood cells and the results are consistent with 
such an interpretation. However, in order to put the 
activity to use as a parameter of biotin status it is 
necessary to show that it is sensitive to differences 
in dietary biotin intake. 
Although not an exhaustive survey, the data pre-
sented in Table 4 do indicate that blood cell pyruvate 
carboxylase activity varies according to the amount 
of biotin supplied to the bird. 
The level of activity in birds fed diet 2 was the 
lowest, as expected from consideration of the biotin 
content, but was not significantly below that in birds 
fed diet 1. The reason for this lies in the higher stan-
dard error observed for diet 2 in which it represented 
a variation of 11.4% about the mean, whereas the 
corresponding value for diet 1 was only 4.6%. Supple-
menting diet 2 with biotin (to give diet 3), a measure 
which is known to prevent the diet from causing fatty 
liver and kidney syndrome (Whitehead et al., 1976) 
resulted in an increase in activity of 78.5% compared 
with diet 2, and also reduced the variability about 
Table 3. Stability of blood cell pyruvate carboxylase 
Time in hours 
0 	 1 	 2 
(Data are given as counts/min above background) 
3 
Experiment 1 Storage of blood cell homogenate at room temperature 
585.9 	 550.2 	 486.8 206.8 
Percentage of initial activity 
100 	 93.9 	 83.1 35.3 
Experiment 2 Storage of whole blood in ice 
701.9 	 663.1 	 698.1 613.0 
Percentage of initial activity 
100 	 94.5 	 99.5 87.3 
A blood cell homogenate was prepared for experiment 1 using the method described 
for the initial series of experiments. It was assayed at the times shown but was otherwise 
stored at room temperature (20-23°C). For experiment 2 whole blood was kept in ice 
and homogenates prepared at the times shown and assayed immediately thereafter. The 
assay technique is described in Materials and Methods. 
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Table 4. Activity of blood cell pyruvate carboxylase in chicks fed three diets of 
differing biotin status 
Diet I 	 Diet 2 	 Diet 3 
Activity (nmoles ' 4CO2 incorporated/g haemoglobin per hr) 
	
333.9 ± 15.5(9) 	275.1 ± 31.1 (8) 	491.1 ± 28.0(6) 
Significance of differences 
N.S. 	 <0.001 
<0.001 
Blood was taken from 4-week old female chicks that had been fed one of the 
following diets: diet 1, a commercial type chick mash containing 0.16 mg biotin/kg; 
diet 2, an FLKS-inducing diet containing 0.10 mg biotin/kg or diet 3, which was 
diet 2 supplemented with 0.70mg biotin/kg. 
Preparations of blood cells were made and assayed by the quantitative technique 
given in Methods and Materials. Results are presented as the mean ± S.E.M. for 
the number of observations in parentheses. 
N.S., not significant. 
the mean to 5.7%. The physiological significance, if 
any, of the greater variability seen with diet 2 in com-
parison with the other two is unknown but it could 
be related to susceptibility to fatty liver and kidney 
syndrome. 
Thus blood cell pyruvate carboxylase activity 
appears to be a promising tool for investigating fac-
tors affecting biotin status in poultry. 
SUMMARY 
An enzyme is present in chick blood cells that exhi-
bits the properties of pyruvate carboxylase. The evi-
dence supporting this conclusion is (a) that incorpor-
ation of 14CO 2 is dependent on the presence of pyru-
vale and acetyl-CoA, (b) the activity has a pH opti-
mum of 7.8, (c) it is inhibited by avidin and (d) it 
increases with increasing dietary biotin content. 
A simple method is described for assaying the acti-
vity which appears satisfactory in that Git is time- and 
enzyme concentration-dependent. The activity, how-
ever, is unstable and should be assayed promptly. 
Although activity is low, (d) above suggests that 
it reflects dietary biotin concentration and it is hoped 
that this assay will prove to be a convenient new 
parameter for studying biotin status in domestic fowl 
and perhaps other commercially important birds. 
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Blood pyruvate carboxylase (EC 6.4.1.1) activity as a criterion 
of biotin status in chickens and turkeys 
By C. C. WHITEHEAD AND D. W. BANNISTER 
Agricultural Research Council's Poultry Research Centre, King's Buildings, 
West Mains Road, Edinburgh EH9 YS 
(Received 28 July 1977 - Accepted I September 197) 
i. Blood pyruvate carboxylase (pyruvate-0O 2 ligase (ADP-forming); EC 6.4. 1. i; PC) activities in young 
chickens and turkeys given low-biotin diets supplemented with biotin at graded levels were studied in three 
experiments. 
In both species PC activity was related positively to the supplemental biotin level. The relationship was 
sigmoid and maximum activity was attained with supplemental levels above those required to give maximal 
growth response. 
Enzyme activity decreased between 2 and 4  weeks of age but remained almost constant thereafter. 
Activity in chicks was not affected by alterations in the fat or protein content of the diet. 
. Changing poults from high to low and from low to high supplemental biotin levels resulted in reversals 
in the levels of enzyme activity. 
6. It is concluded that blood PC activity is a promising new criterion for assessing the biotin status of 
young chickens and turkeys. 
Specific criteria are available to assess the nutritional status of poultry with respect to 
several of the B-vitamins, e.g. riboflavin (Glatzle, Weber & Wiss, 1968) and thiamin 
(Brin, Tai, Ostashever & Kalinsky, 1960). However, the study of biotin is hampered by the 
lack of a suitable functional test for this vitamin. 
Biotin can be measured directly, and levels in both blood (Frigg, Weiser & Bollinger, 
1973) and liver (Hood, Johnson, Fogerty & Pearson, 1976) of chickens have been found 
to be related to the biotin intake, on a group if not on an individual basis. However, the 
assay techniques, whether based on microbiological (Wright & Skeggs, 1944) or chemical 
(Dakshinamurti, Landman, Ramamurti & Constable, 1974; Hood, 1975) methods are 
difficult and laborious. 
The metabolic role of biotin is that of cofactor for several enzymes involved in carboxy-
lation reactions and the activities of these enzymes can be affected by the biotin status of the 
animal. For example, the activity of pyruvate carboxylase (pyruvate-0O 2 ligase (ADP-
forming, EC 6.4. i . i; PC) in the chicken liver is related to the biotin level of the diet over 
a wide range (Atwal, Robblee & Milligan, 1971). However, enzyme activity can vary 
considerably with age and with dietary factors such as fat and protein level (Whitehead, 
Bannister & Cleland, 1978). 
Activity of another biotin-dependent hepatic enzyme, acetyl-CoA carboxylase (acetyl-
CoA-0O2 ligase (ADP-forming), EC 6.4.1.2), is less sensitive to biotin intake than PC 
(Achuta Murthy & Mistry, 1972) perhaps because, as a cytoplasmic enzyme, it has freer 
access to available biotin than has the intramitochondrial PC. A further disadvantage is that 
activity can be affected by a variety of other factors, such as the presence of a natural 
hydrophobic inhibitor (Moss & Lane, 1971). This enzyme also occurs in chicken blood and 
its activity was found to be related to biotin status (Glatzle & Frigg, 1975). However, the 
difference in activity over a wide range of dietary biotin levels was not large and, if activity 
in blood is as susceptible to other factors as it is in tissues, it may not be a suitable criterion 
for the assessment of biotin status 
53 
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Table I. Composition (g/kg) of basal diets 
Diet no. 
Ingredient 	 1 	 2 	3 	4 	5 	6 	7 
Wheat 700 570 570 620 620 58o 720 
Maize starch 45 150 - 150 - 100 - 
Soya-bean meal 35 40 40 40 40 - 8o 
Herring meal 50 100 100 100 100 45 145 
Low-vitamin casein 6o 60 6o 25 25 6 - 
Gelatin 30 30 30 15 15 35 - 
Promine-R2 - - - - zoo - 
Maize oil 40 10 70 10 70 30 30 
Cellulose - - 90 - 90 - - 
Limestone flour 16 16 16 16 16 16 16 
Dicalcium phosphate 15 15 15 15 15 15 15 
Salt (sodium chloride) 3 3 3 3 3 25 2-5 
Chlorine chloride 03 03 0. 3 0. 3 03 02 - 
DL-methionine 2 2 2 2 2 - - 
Mineral mixture 25 25 25 25 25 25 25 
Vitamin mixture It 25 25 25 25 25 - - 
Vitamin mixture 2 - - - - - 2- 5 25 
Santoquin + + + + + + + 
Chemical analysis 
Crude protein (nitrogen 210 245 248 198 200 274 221 
x 625) 
Diethyl ether extract 57 31 91 30 92 43 54 
Calculated available 004 005 005 005 005 003 oo8 
biotin (mg/kg) 
2 Openheimer Casing Co., Edinburgh. 
t Supplied (/kg diet): retinol 600 pg, cholecalciferol 1 5 ,09, -tocopherol 17 mg, menaphthone 1-3  mg, 
riboflavin 4  mg, nicotinic acid 28 mg, pantothenic acid 10 mg. 
Supplied (/kg diet): retinol 3600 jug, cholecalciferol 45  g, -tocopherol 24 mg, menaphthone 48 mg, 
thiamin 48 mg, riboflavin 12 mg, nicotinic acid 60 mg, pantothenic acid 20 mg, pyridoxine 6 mg, cyano-
cobalamin 003  mg, pteroylmonoglutamic acid 24 mg. 
§ Monsanto Chemicals Ltd., London. Supplied by Leather Chemicals Ltd., Yeadon, Leeds. 
More recently, a technique for the assay of PC in chicken blood cells has been published 
(Bannister & Whitehead, 1976) and the present paper describes subsequent experiments 
designed to assess this parameter as a criterion of biotin status in chickens and turkeys. 
EXPERIMENTAL 
Birds and husbandry 
The chickens were Marshall's male broilers and the turkeys were mixed sex B.U.T. Triple 6. 
Up to 4 weeks of age they were housed in electrically-heated four-tier brooders. When 
birds were kept beyond 4 weeks, they were housed in single-bird cages, 400 x 300 mm, with 
wire floors and individual food and water troughs. Food and water were freely available at 
all times. Live weight and food consumption were measured weekly and birds were assessed 
periodically for clinical signs of biotin deficiency (Whitehead, 1977) and rated on an arbi-
trary scale from o (no lesions) to 5  (severe lesions). 
Diets 
The compositions of the basal experimental diets are given in Table i. The diets were 
formulated to contain low levels of available biotin and were based mainly on wheat and 
purified proteins. Available biotin concentrations were calculated using the information 
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given by Anderson & Warnick (1970) and Frigg (1976). Other experimental diets were 
obtained by supplementing the basal diets with graded levels of D-biotin. 
Enzyme assay 
Blood samples (i ml) were taken from the wing vein into heparinized syringes and PC 
activity was measured immediately by the method of Bannister & Whitehead (1976). 
Protein concentration was determined using an automated version of the method of 
Lowry, Rosebrough, Farr & Randall (1951) with haemoglobin as the standard; the enzyme 
activity was expressed as nmol 14 CO2 incorporated/g haemoglobin per h at 38°. 
Procedure 
Expt i. Enzyme activities of the blood plasma of chicks fed on diets containing a range 
of biotin levels were measured. Basal diet i was supplemented with five levels of biotin: 
001, 002, 005, oio and 015 mg/kg diet. Each diet was fed to a group of twelve birds from 
i -d-old to 4 weeks of age, when blood samples were taken and the experiment terminated. 
Expt 2. In this experiment the effects of dietary biotin, fat levels and age on enzyme 
activity in chicks were studied. Up to 4  weeks of age basal diets 2 and 3  were used. There 
was 30 g fat/kg in diet 2 but in diet 3  this was increased to 90 g/kg by the addition of maize 
oil at the expense of an isoenergetic amount of starch, using cellulose as an inert filler. 
Both basal diets were supplemented with 005, 010 and 050  mg biotin/kg and each diet 
was fed to ten birds. From 4  to 8 weeks of age diets 2 and 3  were replaced by diets 4 and  5 
respectively to accommodate the reduced protein requirements of the birds; the biotin 
levels, however, remained unchanged. Group size was reduced to five birds from week 4. 
Enzyme activities were measured at 2, 4, 6 and 8 weeks. 
Expt 3. In this experiment the effect of dietary biotin level on enzyme activity in turkeys 
at different ages and also the speed of response of activity to changes in dietary biotin 
level were investigated. From o to 5  weeks, basal diet 6, supplemented with 005, o•Io, o•i, 
020, 0 30 , 0 40  or o6o mg biotin/kg, was fed to groups of ten birds. Enzyme activities were 
measured at 2 and 4  weeks. Two other groups of four birds were given basal diet 6 or the 
basal diet supplemented with o6o mg biotin/kg until 3  weeks of age when the diets were 
changed. Enzyme activities were measured at intervals thereafter until 5 weeks of age. 
At 5 weeks all birds were killed except five from each of the groups given supplemental 
levels of 005, 015, 03o and o6o mg biotin/kg. They were given diets based on basal diet 7, 
but since this was calculated to contain more biotin than diet 6, the levels of supplemen-
tation were reduced to 0, 0I09 025 and mg biotin/kg to ensure that biotin intake 
remained constant. The enzyme activities of these birds were measured at 6 and 12 weeks 
of age when the experiment ceased. All birds in this part of the experiment were dissected 
post mortem in order to determine their sex. 
RESULTS 
Expt r. Results for this experiment are shown in Fig. i. Birds given biotin at the two 
lowest levels showed dermal lesions characteristic of moderate biotin deficiency and signs 
of mild deficiency were apparent in the group given 002 mg supplemental biotin/kg. 
Growth was appreciably depressed in these groups. There was a direct relationship between 
level of supplemental biotin and blood PC activity over the range investigated and, although 
there was no significant increase in growth with supplemental biotin levels above 005  mg/ 
kg, enzyme activity continued to increase over the whole range of biotin levels studied. 
Expt 2. The results are given in Table 2. The performances of birds on the low- and 
high-fat diets were similar, growth was depressed by both basal diets and there were pro- 
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Fig. i. Expt i. Relationship between dietary supplemental biotin level (mg/kg) and blood pyruvate 
carboxylase (pyruvate-CO, ligase (ADP-forming), EC 6.4. i . i; PC) activity (nmol 14CO3 incorpor-
ated/g haemoglobin per h) and live weight (g) at 4  weeks of age in chicks. Mean values with their 
standard errors represented by vertical bars. For details of diet, see Table 1. 
nounced symptoms of biotin deficiency. However, no fatty liver and kidney syndrome 
occurred. 
Blood PC activity was related to dietary biotin level, there being an approximately 
linear relationship between the two over the range o—oio mg/kg. However, although at 
4, 6 and 8 weeks enzyme activity showed little or no increase with more than 0i0 mg sup-
plemental biotin/kg, at 2 weeks there was a significant response to a higher supplemental 
level. 
There was a significant (P < oo5) effect of age on enzyme activity. With all diets it 
decreased from week 2 to week 4  but thereafter remained comparatively steady although 
some of the groups given the lower levels of biotin did show an increase at 8 weeks. 
There was no significant effect of dietary fat level on enzyme activity at 4,  6 or 8 weeks. 
However, at 2 weeks of age, chicks given the high-fat diets supplemented with the two 
highest levels of biotin had significantly (P < oo5) higher enzyme activities. 
Expt 3. The growth rate of turkey poults to 4  weeks was significantly (P < 005) depressed 
when the supplemental biotin level was o i o mg/kg or less (Fig. 2). IPoults given a supple-
ment of o—oo mg/kg showed severe signs of biotin deficiency and those given oto mg/ 
kg exhibited mild signs. 
Enzyme activity was related to dietary biotin up to a supplemental level of 030 mg/kg 
but above this level there was no further increase in activity at either 2 or 4  weeks of age 
(Fig. 2). 
Table 2. Expt 2. Blood pyruvate carboxylase (pyruvate-0O 2 ligase (A DP-forming, EC 6.4. i . i; PC) activity, live weight, food con- 
version efficiency (FCE) and severity of lesions of biotin deficiency in chickens fed on diets*  containing different levels of biotin and fat ' 
(Mean values with their standard errors for ten birds/treatment at weeks 2 and 4  and for five birds/treatment at weeks 6 and 8. Activity was 
expressed as nmol "CO 2 incorporated/g haemoglobin per h at 38° and lesions were assessed on the scale o to 5  (very severe)) 
Blood PC activity 
Live wt(g) 
2 weeks 4 weeks 	6 weeks 	8 weeks at 4  weeks 	 Severity of 
Fat 	Supplemental 	,-"----- r- ------- FCE at 	lesions at 
(g/kg) biotin (mg/kg) Mean 	SE Mean 	SE 	Mean 	SE 	Mean 	SE Mean 	SE 	4 weeks 4 weeks 
o 	 208 	32 lOS 	55 	98 	30 	519 	30 619 	23 	195 	 16 
005 465 89 346 52 288 70 466 69 659 40 1.99 02 
30 	 oio 	635 	8i 579 	33 	565 	64 	600 	-80 690 	27 	188 	 o 
050 794 70 617 53 563 31 575 44 665 26 181 o 
Mean 	524 410 	 378 	 440 658 
(0 	 221 	26 121 19 	98 32 	121 	43 590 	41 	197 	 o8 2. 
005 431 6 296 	39 389 	23 560 49 694 25 1.95 0 
90 	
0. Io 
	 797 	58 
1 50 
600 30 	512 53 	567 	52 690 	24 	188 	 o 
1079 102 623 	36 658 	72 645 98 723 24 !88 0 
Mean 	632 410 414 473 674 
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Supplemental biotin in diet (mg/kg) 
Fig. 2. Expt 3.  Relationship between dietary supplemental biotin level (mg/kg) and blood pyruvate 
carboxylase (pyruvate-CO, ligase (ADP-forming), EC 6.4.1 . i; PC) activity (nmol ' 4CO2 incorpor-
ated/g haemoglobin per h) at 2 (0 - - - 0) and 4 (—•) weeks of age and live weight (g) at 
4 weeks of age in poults. For live weight, values are the means of the mean male and female weights, 
with their standard errors represented by vertical bars. For details of diet, see Table i. 
There was a decrease in enzyme activity between 2 and 4  weeks at all biotin levels (Fig. 3). 
Thereafter the PC activities of poults given the higher levels of biotin continued to decrease 
whereas those of poults given low levels increased, so that by 12 weeks the effect of dietary 
biotin level on enzyme activity was much less pronounced. 
The speed of response of enzyme activity to changes in the dietary biotin level is shown 
in Fig. 4.  After 2 d the activities responded to the new dietary level and after ii d they were 
starting to level off at their new values. Even so, after 18 d the activities of both groups still 
had not reached the corresponding values of poults fed on the same diets continuously 
from i d of age (see Fig. 3). 
The enzyme activities of male and female turkeys are given in Table 3.  The small number 
of poults and the disparity in numbers between the sexes in some groups, resulted in only 
one of the differences (at 2 weeks between poults given the lowest level of biotin) attaining 
statistical significance (P < 005). However, the mean activities of females were consistently 
higher at all but the highest biotin level, although the sex effect was less apparent at 4 
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Fig. 3. Expt 3.  Blood pyruvate carboxlase (pyruvate-CO, ligase (ADP-forming), EC 6.4.1.1; PC) 
activity (nmoi 14CO2  incorporated/g haemoglobin per h) at different ages (weeks) in poults fed on a 
basal diet supplemented with 0'05 (S—•), 0-I5 (A---A), 0-30 (U ... •) and o-6o (0-0) mg 
biotin/kg. Mean values with their standard errors represented by vertical bars. For details of diet, 
see Table i. 
DISCUSSION 
The studies demonstrate a positive relationship between blood PC activity and dietary 
biotin concentration over a wide range of supplementation in young chickens and turkeys. 
The shape of the relationship was sigmoid and in both species maximal activity was attained 
with dietary levels greater than those required to give the maximal growth response. 
With chickens, enzyme activity showed good reproducibility between experiments. In 
Expts i and 2 similar increases in supplemental biotin level caused similar increases in 
activity at 4  weeks of age. Furthermore, enzyme activities of birds fed on diets containing 
approximately similar levels of total biotin were also similar despite the diets in the two 
experiments containing different protein levels. The latter was the probable cause of the 
differences in growth performances between birds on the two experiments. 
The effect of another dietary factor, fat level, on enzyme activity was found to be minimal; 
only in the presence of high levels of biotin did high fat content increase enzyme activity in 
2-week-old chicks. This relative independence of blood PC activity from nutrients other 
than biotin contrasts with the sensitivity of the hepatic enzyme to dietary fat and protein 
level (Whitehead et al. 1978). 
Enzyme activities and responses in poults closely resembled those in chicks. The upper 
levels were very similar in magnitude in the two species. However, at low dietary biotin 
levels, activity was much lower in poults. 
Age of the chick influenced enzyme activity. Between 2 and 4  weeks there was a decrease 
of activity at all levels of biotin supplementation but beyond this age activity remained 
comparatively constant up to 8 weeks. The effect of age on poults was similar: there was a 
decrease in activity between 2 and 4  weeks, after which it remained relatively stable. However, 
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Fig. 4. Expt 3.  Blood pyruvate carboxylase (pyruvate-CO, ligase (ADP-forming), EC 6.4. i .i; PC) 
activities (nmol ' 4CO2 incorporated/g haemoglobin per h) in poults fed on diets in which the supple-
mental biotin level was changed from o to o6o mg/kg (• —S) and from 0-60 to 0 mg/kg (0 - - –0) 
at day 20. Mean values with their standard errors represented by vertical bars. For details of diet, 
see Table i. 
Table 3.  Expt 3.  Blood pyruvate carboxylase (pyruvate-0O 2 ligase (ADP-forming), EC 
6.4. 1. i) activities of male and female turkeys fed on diets*  containing different levels of 
supplemental biotin at 2 and 4  weeks of age. 
(Mean values with their standard errors; no. of birds in parentheses. Activity was expressed as 
nmol ' 4CO 2 incorporated/g haemoglobin per h at 38°) 
Age of poults (weeks) 
2 	 4 
CT 
Supplemental -°----- ,-'------, 
biotin (mg/kg) Mean SE Mean SE Mean SE Mean SE 
0 6 	(6) 12 144 (4) 16 (6) 3 12 (4) 6 
0L0 1 44 (5) 5 192 (5) 37 45 (5) 27 86(5) 41 
020 529 0) 70 570 (6) 66 387 (3) 48 4o6(6) 43 
040 750 (7) 93 751 (3) 90 540 0) 39 500 0) 41 
' For details of composition, see Table i 
by 12 weeks the maximum and minimum activities of poults given the highest and lowest 
levels of biotin supplementation were tending to converge with the result that the effect of 
biotin, though still present, was less pronounced. 
It is probable that female poults have higher PC activity in their blood than do males for 
a given level of intake, except at the highest levels of dietary biotin. The evidence, however, 
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is not conclusive because in one group only did the difference attain statistical significance. 
If the difference is real, it is probably a consequence of the poorer food conversion efficien-
cies associated with females. 
Within a group of chicks or poults given the same diet, variability between individual 
enzyme activities was greater at 2 weeks of age than at subsequent ages and was also greatest 
in the groups with the lowest activities. Over all ages in the three experiments, the mean 
coefficient of variation of groups with activities greater than 100 nmol 14CO2 incorporated/g 
haemoglobin per h was 30. Within groups showing clinical symptoms of biotin deficiency 
there was no correlation between enzyme activity and either severity of lesions or live 
weight. Hence enzyme lactivity is not an accurate criterion of the biotin intake or status 
of an individual bird, but the average of five to ten measurements would be sufficient to 
give a good estimate of flock biotin status. 
Blood PC activity is thus suitable as a specific criterion for assessing the biotin status of a 
group of young birds. The level of enzyme activity varies considerably over a wide range 
of dietary biotin concentrations. It is steady during much of the growth period and during 
this time is unaffected by major dietary variables such as fat and protein level. It has the 
advantage over measurements of liver enzyme activity in that it does not entail the death 
of the bird and, on the basis of experience in our laboratory, is a much easier parameter to 
measure than blood biotin concentration. A disadvantage at present is that activity must 
be measured promptly after collection because of the instability of the enzyme (Bannister 
& Whitehead, 1976). 
The enzyme assay should be particularly valuable in assessing the biotin status of birds in 
relation to their requirements for growth because there is an approximately linear relation-
ship between activity and dietary biotin level in the region of the biotin requirement. 
Unfortunately the group sizes in these small-scale experiments were insufficient to establish 
with accuracy the minimum supplemental biotin levels required for maximum growth. 
Larger-scale experiments are required to determine more precisely enzyme activities asso-
ciated with optimum dietary biotin requirement. However, on the basis of the present 
experiments, a blood PC activity greater than 400 nmol 14CO 2 incorporated/g haemoglobin 
per h would suggest that both chicks and poults were receiving an adequate supply of 
biotin. 
In this paper, enzyme activities have been presented and discussed in relation to the 
supplemental biotin levels used, rather than in terms of the total biotin content of the diet. 
Theoretical available biotin contents of diets may be calculated, but these depend upon 
limited information on level and availability in feedstuffs. Until now, values for availability 
have depended upon growth response bioassays, but these do not always yield reliable 
results since growth can respond to many factors. With the demonstration that blood PC 
activity can be a specific criterion of the biotin status of a flock of birds, it may prove pos-
sible in the future to determine more readily the availability of biotin in foodstuffs and 
diets by using a bioassay based upon the measurement of this enzyme. 
The authors wish to thank Mr J. Armstrong, Miss A. Campbell and Mrs C. E. McNeill 
for their technical assistance. 
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Biotin status, blood pyruvate carboxylase (EC 6.4.1.1) 
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i. Three experiments were conducted to investigate the relationships between blood pyruvate carboxylase 
(pyruvate: carbon dioxide ligase (ADP-forming), EC 6.4.1 .1; PC) activity, growth performance and dietary 
biotin level in broilers under different husbandry conditions. Blood PC activity was also used to gain in-
formation on the ingestion of biotin of faecal origin by birds housed on wood shavings and the effect of 
steam-pelleting on the biotin content of diets. 
Blood PC activity and relationship to dietary biotin level were similar in birds kept under different 
husbandry conditions. 
Biotin requirement for growth was higher in birds kept under conditions that allowed them to reach 
their growth potential more fully. 
The contribution of biotin of faecal origin to the biotin intake of birds housed on wood shavings was 
negligible at 3 weeks of age but by 7 weeks was equivalent to approximately ooi mg/kg diet. 
Steam-pelleting did not affect the stability or availability of biotin of natural or synthetic origin in diets. 
It is concluded that blood PC activity is a good criterion of biotin status and requirement in fast- 
growing broilers. 
A sigmoid relationship between blood pyruvate carboxylase (pyruvate : carbon dioxide 
ligase (ADP-forming), EC 6.4.1 .1; PC) and dietary biotin level was found in growing 
broilers and turkeys and it has been suggested that the activity of this enzyme represents a 
good criterion of biotin status in these birds (Whitehead & Bannister, 1 978 a). The results 
of those studies, which used Marshall's broilers in small-scale experiments, suggested that 
the maximum enzyme activity occurred with dietary biotin levels considerably higher than 
those required for optimum growth. 
The present experiments, using Ross broilers, were designed to investigate the relationship 
between enzyme and growth response to dietary biotin in larger-scale experiments under 
conditions that would allow the birds to reach more fully their genetic growth potential. 
When the relationship was found to differ from that observed in the earlier studies, a further 
small-scale experiment was conducted using Ross broilers to determine whether the 
difference was due to strain of bird or to method of husbandry. Other results from the 
large-scale experiments have been published already (Whitehead & Bannister, 1978b). 
The relationship of enzyme activity to biotin status was used also to investigate other 
aspects of bird husbandry and diet processing on biotin intake. Earlier studies on fatty 
liver and kidney syndrome (FLKS), a biotin-dependent condition, had shown that mortality 
was higher with pelleted diets (Blair et al. 1975). It was suggested that steam-pelleting might 
have destroyed or reduced the availability of some of the dietary biotin (Whitehead, 1977). 
A comparison was made therefore between the blood PC activities of birds given the same 
diets in either mash or pelleted form. 
Biotin, like other B-vitamins, can be synthesized intestinally by micro-organisms. 
Although there is no evidence that biotin from this source can be absorbed directly by young 
chicks (Coates et al. 1968), it will, however, be excreted and floor-reared birds may ingest 
it through pecking their litter. In an attempt to quantify the contribution of this micro- 
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bially-produced biotin to the over-all intake of broilers, blood PC activity was measured in 
birds given the same diets but housed on either deep litter or wire floors. 
EXPERIMENTAL 
Birds and husbandry 
The birds studied were Ross broilers, obtained as i-d-old chicks from a commercial 
hatchery (Ross Poultry Ltd, Inverurie AB5 9JE). In the large-scale experiments (Expts i 
and 2), the birds were housed in floor pens (372 m'), forty-five birds per pen, containing a 
deep litter of white-wood shavings. In the small-scale experiment (Expt 3),  the birds were 
accommodated in electrically-heated four-tier brooders, six birds per compartment as in 
previous experiments (Whitehead & Bannister, 1978 a). Food and water were freely available 
at all times and food consumption was measured weekly. Live weight was measured at 
35 d and, in Expts i and 2, again at 56 d. 
Diets 
The composition of the basal diet fed in the experiments is given in Table i. it was 
formulated to contain a low level of available biotin and hence was based mainly on wheat. 
Total and available biotin contents were calculated using the values of Frigg (1976, 1977). 
The theoretical total content agreed well with the values determined for the different batches 
by microbiological assay using the method of Wright & Skeggs (1944). The available biotin 
content was found to be 0 -025 mg/kg, using an assay technique based on blood PC activity 
(C. C. Whitehead, unpublished observations), compared with 0033 mg/kg calculated 
(Frigg, 1977). 
The experimental diets were obtained by supplementing the basal diet with a commercial 
spray-dried preparation containing, in the batches used, 22 g D-biotin/kg (Rovimix 112; 
Roche Products Ltd, Dunstable, Bedfordshire LU6 ,BG). 
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Pelleted diets were obtained by pressing the food through a die (3  mm diameter) after 
treatment with steam at 1400. 
Enzyme assay 
Blood PC activity was measured by the method of Bannister & Whitehead (1976) on 
samples of blood (i ml) taken from the wing vein into heparinized syringes. In Expts i and 
2, duplicate assays were performed on the pooled blood samples taken from ten birds chosen 
at random in each pen. In Expt 3,  blood PC activity was measured in individual birds. For 
each effect studied, the assays were conducted over a 4  d period. Protein concentration was 
determined using an automated version of the method of Lowry et al. (1951) with haemo-
globin as the standard. The enzyme activity was expressed as nmol 14CO 2 incorporated/g 
haemoglobin per min at 38°; the units differ from those used previously (Bannister & 
Whitehead, 1976; Whitehead & Bannister, 1978a) since it has been established that, owing 
to an arithmetical error, the activities quoted in those papers were too low by a factor of 
ten. 
Procedure 
Expt 1. This experiment investigated the effect of dietary biotin level on growth and blood 
PC activity in both sexes. Mash diets supplemented with 0, 002, 005, 009 or 030 mg 
biotin/kg were each fed to four deep-litter pens of birds of each sex. Blood PC activities 
were measured in each pen during the fifth week. 
Expt 2. This experiment studied the effect of dietary biotin level on growth and blood 
PC activity and the effects of wire v. litter floor and pelleting on biotin status in males. In 
the main experiment, seven diets (the basal mash diet supplemented with 0, 004, oo8, 
oIo, 0I3, 020 and 050 mg biotin/kg) were each fed to four pens of birds on deep litter. 
Mash diets supplemented with 0, 004, oo8 and oiO mg biotin/kg were also each fed to 
birds in two pens in which a wire-mesh floor had been mounted 0' 15 m above the litter. 
Batches of the diets supplemented with 004 and oo8 mg biotin/kg were steam-pelleted and 
each was fed to four pens of birds on litter. 
During the third and seventh weeks, blood PC activities were measured in the birds on 
wire floors and those on litter given the same diets. During the fourth week, activities were 
measured in the birds in the litter pens given the pelleted diets and the corresponding mash 
ones. In the fifth week, activities were measured in birds in all litter pens given mash diets. 
Expt 3. In the small-scale experiment, mash diets with the same supplemental biotin levels 
as in Expt 2 were each fed to male chicks in three brooder compartments. Blood PC 
activities were measured during the fifth week. 
RESULTS 
Growth and blood PC activity 
Growth and food conversion values for the birds in Expts r and 2 up to 8 weeks of age 
have been published elsewhere (Whitehead & Bannister, 1978b). Live weight and blood 
PC activity at 5 weeks are given in Table 2. Live weight was good and in both experiments 
there was a response to supplemental biotin. Blood PC specific activities also showed a 
marked response to dietary biotin level. In Expt i the mean activities of females were 
consistently higher than those of males fed the same level of biotin. Foot lesions charac-
teristic of mild biotin deficiency were observed in both experiments only in the groups 
given the basal diet. 
Corresponding values for Expt 3  are given in Table 3. There was a significant (P < 000) 
growth depression only among birds given the basal diet. However, blood PC specific 
activities showed a response over a wide range of biotin levels. Moderate to severe lesions of 
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Table 2. Expts i and 2. Live weight and blood pyruvate carboxylase (pyruvate. carbon dioxide 
ligase (ADP-forming), EC 6.4. 1. 1; PC) activity of male and female broilers housed in floor 
pens and fed on diets containing different levels of supplemental biotin 
(Blood PC activities, expressed as nmol 14CO 2 incorporated/g haemoglobin per min at 38°, are 
means with their standard errors of duplicate assays on pooled samples from ten birds from each 
of four pens measured over a 4 d period. Live weights are means with their standard errors of 
means of each of four pens of forty-five birds) 
Live wt at 35  d (g) 	 Blood PC activity during 5th week 
r 
Expt Supplemental 
no. biotin (mg/kg) Mean SE Mean s 
1 0 872 15 816 17 
002 980 3 81 9 
005 1037 10 917 14 
009 1035 8 947 ii 
030 1048 8 978 15 
2 0 911 10 - - 
004 1 oo6 12 - - 
008 io8o 7 - - 
010 ,oi6 8 - - 
013 io6i 4 - - 
020 1048 ii - 
050 1059 12 - - 
Mean 
1 
SE Mean SE 
240 3 . 5 283 5 . 7 
40 . 5 24 485 7 . 
687 3 . 3 722 3 . 1 
74 . 5.0 830 54 
890 4 . 3 998 52 
167 112 - - 
485 23 - - 
729 21 - - 
890 23 - - 
928 34 - - 
1042 40 - - 
1052 1 - 7 - - 
Table 3 . Expt 3. Live weight and blood pyruvate carboxylase (pyruvate: carbon dioxide ligase 
(A DP-forming), EC 6.4.1 . i; PC) activity of male broilers housed in wire cages and fed on 
diets containing different levels of supplemental biotin 
(Mean values with their standard errors for eighteen birds/treatment. Activity, expressed as 
nmol 14CO 2  incorporated/g haemoglobin per min at 38°, was measured over a 4  d period) 
Live wt 	Blood PC activity 
at 35  d (g) during 5th week 
Supplemental 	, 
biotin (mg/kg) Mean SE Mean SE 
0 569 18 178 32 
004 987 32 462 43 
008 913 32 682 24 
010 997 33 780 4 . 3 
013 971 29 93 . 3 5 . 5 
020 1002 36 884 51 
050 943 24 870 46 
biotin deficiency occurred on the feet of many of the birds given the basal diet and mild 
lesions were seen on birds given 004 mg supplemental biotin/kg. Lesions were not seen on 
the feet of birds given larger biotin supplements. 
Response curves were plotted for both growth and enzyme values (Fig. i). To enable 
results from Expts i and 2 to be analysed together, live weights and blood PC activities for 
each sex and in each experiment were expressed as percentages of the values occurring at 
the highest dietary biotin level in that group. 
Quantitative assessment of the relationship between live weight at 8 weeks and biotin 
level had shown previously that exponential functions, such as of the Gompertz (1 825) 
type, did not fit the values adequately and instead the response curve was drawn by eye 
(Whitehead & Bannister, 1978b). A curve of the same shape (Fig. i) also gave a good 
representation of the live weight response of both sexes at 5  weeks and reached a plateau 
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Fig. 1. Expts 1, 2 and 3.  Responses of blood pyruvate carboxy)ase (pyruvate: carbon dioxide ligase 
(ADP-forming), EC 6.4.1.1; PC) activity (---) and live weight (—) to different levels of 
supplemental dietary biotin in broilers at 5  weeks of age. (0, L, 0), PC; (, A, •), live weight 
for males (0, I) and females (Lx, A) in Expt I and males (0, •) in Expt 2 (b; large scale). 
PC () and live weight () are for males in Expt 3  (a; small scale). At each biotin level, PC in 
Expts 1, 2 and 3  and live weight in Expts i and 2 are expressed as percentages of the value at the 
highest biotin level for that sex in that experiment; live weight in Expt 3  is expressed as the per-
centage of the mean live weight of males given the highest biotin levels in Expts i and 2. The 
curves are fitted by eye. 
at 998% of the maximum performance achieved. It was estimated from the curve that the 
supplemental biotin level required for optimum growth in Expts i and 2 was 014 mg/kg. 
Blood.PC specific activity in Expts i and 2 showed a linear relationship with biotin over 
a range of dietary biotin levels. From the approach of the curve to the maximum, it was 
estimated that optimum enzyme activity occurred with a supplemental biotin level of 0 - 15 
mg/kg- 
The response curves for Expt 3  are also shown in Fig. i. Live weight at 5 weeks was 
expressed as a percentage of the mean live weight of males given the highest biotin levels in 
Expts i and 2 (1054 g) in order to give an indication of relative performance in the large-
and small-scale experiments. Mean live weight of all groups given supplemental biotin was 
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Table 4. Expt 2. Blood pyruvate carboxylase (pyruvate ligase (A DP-forming), EC 6.4. 1 .i; 
PC) activity in male broilers fed on mash or pelleted diets containing different levels of 
supplemental biotin 
(Blood PC activities, expressed as nmol 14CO 2 incorporated/g haemoglobin per min at 38°, are 
means with their standard errors of duplicate assays on samples, pooled in batches of ten, from 
forty birds measured over a 4  d period) 
Blood PC activity during 4th week 
Mash diet Pelleted diet 
Supplemental 	I - 
biotin (mg/kg) Mean 	SE Mean 	SE 
004 595 	3.0 580 	3 .4 
008 749 5 . 3 728 43 
920% of the maximum achieved in Expts i and 2. Because of a lack of values at low biotin 
levels, the approach of the curve to the plateau could not be drawn with certainty, but, in 
view of the considerable growth depression of the unsupplemented group, it is likely that it 
occurred at approximately 003-0 04 mg supplemental biotin/kg. In contrast, blood PC 
specific activity showed a linear response over a wide range of supplemental biotin levels 
and maximum activity was found to occur with a supplemental level of 0I3 mg/kg. 
Pelleting effect 
The blood PC specific activities of birds given diets of similar biotin content in mash or 
pelleted form in Expt 2 are shown in Table 4.  The differences between the two forms of 
either diet were not significant (P > o- I). 
Floor effect 
The effect of type of floor in Expt 2 on blood PC specific activities at 3  and  7  weeks of age 
is shown in Fig. 2. At 3 weeks there was no consistent effect of floor on enzyme activity but, 
by 7 weeks, the activities of all groups on litter floors were higher than those on wire floors 
given the same diets. These differences did not attain statistical significance at any biotin 
level (P > 005). However, when the values were combined and transformed to logarithms 
to stabilize the error variance, it was found that the 'floor' effect was significant (t 332, 
7 df, P < 002). From the displacement of the enzyme response along the horizontal axis 
(Fig. 2) it was estimated that, at 7 weeks of age, birds on litter floors had a superior biotin 
status compared to those on wire floors equivalent to an extra dietary biotin intake of 
approximately ooi mg/kg. 
DISCUSSION 
The results of these experiments indicate that blood PC specific activity is a good criterion 
of biotin status in growing broilers over a wide range of conditions of husbandry and 
performance and that it can be used to gain insight into several areas of nutritional interest. 
One such area is the extent to which birds housed on litter can supplement their dietary 
intake by ingesting biotin of microbiological origin from the litter. Up to 3  weeks of age, 
when the proportion of faeces in the litter is comparatively low, the intake of biotin from 
this source must be small since there was no difference in blood PC specific activity between 
birds housed on litter or wire floors. However, the birds apparently obtained a small 
nutritional benefit from the much higher content of faeces present in the litter by 7 weeks 
since blood PC specific activity was then consistently higher in litter-housed birds. It was 
estimated that the enhancement in biotin status of these birds was equivalent to an extra 
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Fig. 2. Expt 2. Blood pyruvate carboxylase (pyruvate: carbon dioxide ligase (ADP-forming), EC 
6.4. i . i; PC) activity at (a) 3  and (b) 7 weeks of age in broilers housed in pens with floors of wire 
mesh (0--0) or wood shavings (•—) and fed on diets containing different levels of 
supplemental biotin. Mean values with their standard errors represented by vertical bars. 
biotin intake of approximately ooi mg/kg diet. Confirmation of a benefit to the biotin 
status of birds on litter came from 8-week live-weight values (Whitehead & Bannister, 
1978 b) which showed a more severe growth depression on wire-housed birds given biotin-
deficient diets. On the basis of growth and enzyme values, it is estimated that the dietary 
biotin requirement of broilers for growth to 8 weeks of age is approximately 5-10% higher 
in birds housed in wire cages. 
Blood PC activity was used to obtain information on the stability of biotin during diet 
processing. It has been thought that steam-pelleting might affect the biotin status of diets 
(Whitehead, 1977) and mash diets were therefore used in the growth studies. However, 
blood PC specific activities were similar in birds given the same diets either in mash or 
pelleted form. There is thus no evidence that steam-pelleting, at least under the conditions 
used in the experiment, affects biotin content or availability in the diet. Moreover, since 
the diets contained supplemental biotin, the stability applies to biotin of both natural and 
synthetic origin. The explanation for the increased incidence of FLKS observed previously 
(Blair et al. 1975) with pelleted food perhaps lies in the greater food intake and growth rate 
of these birds. 
Blood PC specific activity in Expt i was higher in females than in males at all dietary 
biotin levels, confirming previous indications with turkeys (Whitehead & Bannister, 1978 a) 
but activity in both sexes showed the same relationship with dietary biotin. Although enzyme 
specific activities were similar in males given similar levels of biotin in Expts i and 3,  they 
were somewhat lower in Expt 2, perhaps as a result of some difference in analytical reagents 
or conditions. Nevertheless, the enzyme response to biotin was very similar in all experi- 
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ments. Enzyme specific activities at low dietary biotin levels as proportions of maximum 
activities in the same experiment were similar. Activity showed a linear relationship to 
biotin over a wide range of dietary biotin levels, as observed already by Whitehead & 
Bannister 0978a)  and the gradients were similar in both large- and small-scale experiments. 
It was estimated from the response curves (Fig. i) that maximum enzyme activity occurred 
with dietary biotin supplements of 015 mg/kg in Expts i and 2 and with 01 3 mg/kg in 
Expt 3,  but this difference was not considered meaningful in view of the small number of 
plotted values influencing the curves in this region. From the previous discussion, it is 
unlikely that the different housing methods involved (litter v. wire floor) can have had more 
than a marginal effect on enzyme activities at 5  weeks of age. 
From the response curve in Fig. i, the amount of supplemental biotin required for 
optimum growth was estimated to be 014 mg/kg. On the basis of a basal diet content of 
0 03 mg available biotin/kg, the requirement of broilers kept on deep litter to 5  weeks of 
age is thus 0 ' 17 mg available biotin/kg. This level is adequate also for good skin condition, 
since even the lowest level of supplemental biotin (002 mg/kg) was sufficient to prevent 
dermal lesions. These conclusions are similar to those drawn from the 8-week values 
(Whitehead & Bannister, 1978b) and suggest that the biotin requirement of the broiler may 
be higher than has been estimated previously (Anderson & Warnick, 1970). 
In the large-scale studies, when the birds were kept under conditions that allowed them 
to perform near to their genetic potential, there was a close relationship between the 
responses of blood PC specific activity and growth to biotin. In particular, both responses 
reached their maxima at similar dietary biotin levels. The activity of this enzyme may 
thus be a good criterion not only of biotin status but also of biotin requirement in the 
fast-growing broiler. 
This relationship between enzyme activity and growth differed from that found previously 
in small-scale experiments with broilers of a different strain (Whitehead & Bannister, 
1 978 a). However, the small-scale experiment reported here, using the same strain as in the 
large-scale experiments confirmed that, when birds are prevented by environmental 
factors from achieving their maximum performance, there are differing effects on the 
responses of enzyme activity and growth to biotin. Reduced growth rate did not affect the 
relationship between enzyme activity and biotin. However, it did reduce the amount of 
biotin required to achieve the lower maximum growth rate. Growth in Expt 3  was signifi-
cantly depressed only with the basal diet and, although the extent of the depression was 
large compared with that in Expts i and 2, it has been shown that keeping birds on wire 
floors will depress performance of birds given biotin-deficient diets (Whitehead & Bannister, 
1978b). Growth with the lowest level of additional biotin (004  mg/kg) was good compared 
with that of groups receiving larger supplements. Although a response curve could not be 
fitted to the plotted growth values with certainty, it is probable that the requirement for 
optimum growth was approximately 003-004 mg supplemental biotin/kg and this con-
clusion is consistent with the results obtained in the earlier studies on birds housed in 
brooder cages (Whitehead & Bannister, 1978a). The housing conditions thus reduced the 
biotin requirement for growth; however, the more abrasive nature of the wire floor com-
pared with litter increased the requirement for the prevention of foot lesions since these 
were still seen with a supplement of 004  mg biotin/kg. 
The plateau reached, with a supplement of 003-004  mg biotin/kg, in the curve for growth 
response in Expt 3 corresponded to 92% of the live weight achieved in Expts i and 2. 
From the growth curve for Expts i and 2, the amount of supplemental biotin required to 
permit 92% of optimum performance was also approximately 003  mg/kg. The similarity 
of these values suggests that, when the growth of birds is retarded, the requirement for 
biotin is reduced to approximately the level necessary to achieve that level of performance 
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when the nutrient itself is the limiting factor. It is likely that the requirement established for 
any nutrient is highly dependent upon the absolute level of performance achieved. Thus 
estimates of requirements based on production characteristics are relevant only if the levels 
of performance of the experimental birds are comparable with those achieved in practice. 
The authors thank Mr J. Armstrong and Mrs C. E. McNeill for technical assistance, 
Mr R. Morley Jones and Dr B. J. Wilson for assistance with statistical analyses and inter-
pretation of results and F. Hoffman-La Roche & Co., Basle, for biotin analyses of diets. 
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Blood pyruvate carboxylase activity as a criterion of biotin status in young pigs 
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A basal diet containing isolated soybean protein was sup-
plemented with 100 and 500 sg biotin/kg and another basal 
diet containing hen-egg albumen was supplemented with 
1300 l.Lg biotin/kg. The five diets were fed to groups of 
young pigs from four to 12 weeks old. Growth depression 
or skin or foot lesions characteristic of biotin deficiency 
were not seen but the undersurfaces of the hooves of pigs 
given the basal albumen diet were unusually soft. Blood 
pyruvate carboxylase activity showed a maximum response 
to dietary biotin at six weeks but by 12 weeks there was no 
response to supplemental levels greater than 100 sg/kg. 
Plasma biotin concentration gave a good indication of 
biotin intake at all ages. 
EVIDENCE HAS BEEN presented recently that occurrences 
of foot lesions and lameness in pigs may be related to 
biotin inadequacy (Brooks et al 1977). Results from field 
trials have suggested that supplementation of practical 
pig diets with biotin has resulted in improvements not 
only in foot lesions but also in reproductive performance 
(Comben 1978). The biotin requirement of growing and 
breeding pigs is thus uncertain and the subject of much 
current research. 
As an aid to such requirement studies, it is useful to 
have a specific metabolic criterion for the assessment of 
vitamin status in the animal, in the case of biotin, it has 
been shown that the activity in the blood of pyruvate 
carboxylase (EC 6.4:1.1.; PC), a biotin-dependent 
enzyme, gives a good indication of biotin status in 
chickens (Bannister and Whitehead 1976; Whitehead and 
Bannister 1978, 1980). High levels of activity occur in the 
blood of growing broilers because avian red blood cells 
are nucleated and are believed to contain remnants of 
mitochondria (Harris 1971). In contrast, activity in pig 
blood is likely to be very much lower since the enzyme 
is probably confined to white cells and possibly reticulo-
cytes and, indeed, Glatzle (1979) has observed onlyjow 
levels of activity of this enzyme. The purpose of tile 
present experiment was to investigate the suitability of 
blood PC activity as a criterion of biotin status in the pig. 
Materials and methods 
Diets 
There were two basal diets. Diet 1 was formulated to 
contain as little available biotin as could be achieved using 
mainly practical ingredients: it was based, therefore, 'on 
wheat, on the assumption that biotin -in wheat is as poorly  
available to the pig as it has been found to be to the chick 
(Frigg 1976), and had Promine D (Oppenheimer Casing, 
Edinburgh), an isolated soybean protein, as its protein 
source. Diets 2 and 3 were obtained by supplementing 
this diet with 100 and 500 sg biotin/kg respectively. Basal 
diet 4 was intended to be very deficient in biotin and the 
isolated soybean was therefore replaced with spray-dried 
hen-egg albumen to provide a source of avidin. Its 
control was diet 5, which was the albumen diet supple-
mented with 1300 sg biotin/kg. This amount was cal-
culated to be enough not only to bind the avidin present 
in the albumen but also to provide a sufficient excess to 
ensure a good biotin status in the animals. Basal diet 
composition (g/kg) was as follows: wheat 723, Promine 
D or albumen 90, meat and bone meal 37, sucrose 50, 
glucose 20, vegetable oil 30, limestone flour 10, di-
calcium phosphate 23, .lysine 5, methionine (in Promine 
diets only) 3, choline chloride 05, vitamin (excluding 
biôtin) and mineral supplement 3. Analyses showed that 
the Promine diet contained 176 per cent crude protein 
(N x 625), 41 per cent ether extract and 91 sg total 
biotin/kg, of which 23 sg/kg was calculated to be avail-
able using chick bioavailability data of Frigg (1977). Cor-
responding values for the albumen diet were: 166 per 
cent crude protein,' 43 per cent ether extract and 67 sg 
total biotin/kg. Analyses of all diets confirmed the 
presence of the correct quantities of supplemental biotin. 
Procedure 
• Piglets (Large White x Landrace) from three litters 
born within three days of each other by related sows were 
reared under normal husbandry conditions until weaning 
at four weeks of age. They were then weighed and 
. allocated to the different treatments to give eight animals 
in the group fed on diet 4, and five animals in each of the 
other groups, with each group having as nearly the same 
distribution by sex and parent as was possible. Each 
group was housed in one fiat deck metal pen (3 m 2) with 
slatted floors. 
Food consumption and live weight were recorded 
weekly. At four, six, eight and 12 weeks of age, blood 
samples (6 ml) were taken into heparinised vacutubes 
from the jugular veins of all pigs fed on diet 4 and from 
the same-four pigs in each of the other groups. At each 
time, blood sampling was spread over a three-day period 
for convenience. 
PC activity was measured in fresh blood. Plasma from 
the remainder of the sample was stored at - 10 °C before 
measurement of biotin concentration. 
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TABLE 1: Blood pyruvate carboxylase (EC 6.4.1.1.; PC) activity, plasma biotin concentration and live weight at four, six, 
eight and 12 weeks of age in pigs fed diets containing different levels of biotin 
Age of pigs (weeks) 
Blood PC activity' Plasma biotin (ng/])t Live wt (kg) 
Diet 4 6 	 8 12 4 6 8 12 12 
1 162±30 84±38 	54±11 40±15 250±10 315±25 235±25 235±25 236±24 
2 14-1+2-8 230±66 	193±53 260±42 450±10 500±10 500±0 955±25 197±26 
3 181 ±45  48-1+12-2 338±114 199±36 2020±70 2965±70 4220±370 4120±150 24-0+1.7 
4 9-7+1-9 26±08 	24±11 3-1+2-0 315±5 315±30 255±23 210±40 16•7±20 
5 138±40 672±115 176±72 190±90 2135±160 5815±160 6030±130 8100±600 176±35 
Blood PC activities, expressed as nmol 14CO 2 converted/g haemoglobin/h at 38'C, are means ±SEM for eight pigs fed diet 4 and fou 
pigs fed each of the other diets 
Plasma biotin concentrations are means ± SEM for duplicate assays on pooled blood samples 
Methods 
Blood PC activity was measured using the technique of 
Bannister and Whitehead (1976) modified as follows: 
02 ml haemolised blood cells were incubated for I5 h 
in the presence of 14 C sodium bicarbonate of three-fold 
higher specific activity. At the end of the assay, 10 ml 
of supernatant was dried before scintillation counting. 
Duplicate assays were conducted on blood samples from 
each pig and activity was expressed as nmol ' 4CO 2 con-
vertedfg haemoglobin per h at 38°C. 
Plasma biotin concentration was measured micro-
biologically by the method of Wright and Skeggs (1944). 
Duplicate assays were conducted on the pooled samples 
for each group for each collection period. 
Results and discussion 
Performance 
The live weights of the pigs at 12 weeks of age are 
given in Table I. An effect of supplemental biotin on 
growth rate was not observed with either the Promine 
or albumen diets, but animals fed on the albumen diets 
grew more slowly. The appearance of the pigs in all 
groups was good at the end of the experiment, although 
pigs in both albumen treatments had coarser and thicker 
hair coats, perhaps a consequence of their poorer 
growth. Erosions, fissures or other lesions were not seen 
on the feet of any pigs. There was thus no evidence that 
any of the diets were sufficiently low in biotin to induce 
signs usually thought to be characteristic of a deficiency 
(CuE.ha et of 1946; Glättli et a! 1975). 
A significant change observed in the group fed on the 
diet of lowest biotin status (diet 4) was a pronounced 
softness of the skin on the undersurface of the hooves. 
On the feet of six animals in this group, the soles were 
much softer and more deformable than those of all the 
pigs in the other groups, with the exception of one pig fed 
on diet 2 whose soles were also quite soft. This softness 
may represent the initial stage in the development of the 
foot lesions seen in biotin-deficient pigs (Glättli et a! 
1975). Although actual lesions were not seen in the pigs in 
the present experiment, these animals were housed on 
comparatively smooth metal floors. Had they been kept on 
a more abrasive surface such as concrete, which is more  
usual under commercial conditions, it is possible that 
lesions might have developed, especially as the weight 
of the animals and resultant pressure on the softened 
soles increased with age. Softness of the hoof has been 
observed in commercial herds affected with lameness 
due to foot lesions and has responded to supplementation 
with high levels of biotin (Comben 1978). 
Metabolic parameters 
Plasma biotin concentrations (Table 1) showed a good 
relationship with dietary biotin level. There was an 
immediate response to changes in diet, since the means 
of samples taken during the first three days of the feeding 
of the experimental diets showed differences between the 
groups. Plasma concentrations in pigs given low levels 
of dietary biotin soon reached equilibrium but con-
centrations in those given highly supplemented diets 
increased throughout the experiment. The high plasma 
biotin concentration in pigs given diet 5 confirmed that 
the amount of supplemental biotin in that diet was suf-
ficient to bind the avidin. 
Blood PC activity was measurable in the blood cells 
(Table 1) although it was less by a factor of more than 
100 than has been observed in chickens (Whitehead and 
Bannister 1980). However, specific activities were very 
similar to values reported by Glatzle (1979) for pigs fed 
similar levels of biotin. Enzyme specific activity showed 
a maximum response to biotin intake at six weeks of age. 
Thereafter, activity with the low and intermediate dietary 
biotin levels remained steady whereas activity with the 
heavily supplemented diets declined so that at 12 weeks 
of age there was no response to supplemental dietary 
biotin levels above 100 sg/kg. A decline in maximum 
enzyme activity with age, albeit less marked, has also been 
observed in young broilers and turkeys (Whitehead and 
Bannister 1978) and is perhaps due to a decrease in the 
rate of formation of erythrocytes. 
Blood PC activity in the pig is thus related to biotin 
status, although the low level of activity and rapid 
changes with age suggest that it may not be such a suitable 
criterion of status in the young pig as in the broiler. A 
more sensitive method, especially in individuals, may be 
the enzyme activation technique of Glatzle (1979). 
Nevertheless, enzyme specific activities appeared to have 
128 	 C. C. Whitehead, D. W. Bannister and J. P. F. D'Mello 
stabilised by 12 weeks of age and showed a five- to six-
fold increase over the range of biotin levels fed. Recent 
studies in broilers have shown that enzyme activity is a 
good criterion not only of biotin status but also of 
requirement in fast growing birds (Whitehead and 
Bannister 1980). If this relationship also exists in the pig, 
the data in Table 1 may indicate that, by 12 weeks of age, 
the requirement for biotin of pigs fed on a wheat-based 
diet was being met by a supplement of 100 [Lg/kg. 
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The determination of the availability to chicks of biotin in feed 
ingredients by a bioassay based on the response of blood pyruvate 
carboxylase (EC 6.4.1.1) activity 
BY C. C. WHITEHEAD, J. A. ARMSTRONG AND D. WADDINGTON 
Agricultural Research Council's Poultry Research Centre, Roslin, 
Midlothian EH25 9PS, Scotland 
(Received 9 October 1981 - Accepted 26 January 1982) 
Experiments were carried out to establish the conditions required for the measurement of the availability 
to chicks of biotin in feed ingredients by a bioassay based on the response of blood pyruvate carboxylase (EC 
6.4. 1.1; PC) activity. 
Reference diets were formulated which gave a linear response in blood PC activity at 3 weeks of age over 
a wide range of supplemental dietary biotin concentrations. 
Dietary protein concentration was found to affect blood PC activity. Hence purified ingredients in the 
reference diets were wholly or partially replaced by the test ingredients so that all diets in each assay contained 
the same amounts of protein, fat and metabolizable energy. Comparison of the blood PC activities of birds given 
the test diets with those given biotin-supplemented reference diets provided a measure of the available biotin 
content of the test ingredient. 
Rioavailabilities of biotin were found to vary widely in the cereals and vegetable-protein sources tested. 
The biotin contents of poultry feeds and feed ingredients are usually determined microbio-
logically. However, the values determined by this method may not represent the amounts 
actually available to the bird, since bioassays with chicks have indicated that biotin in some 
feed ingredients is not totally available. 
The usual bioassay has been based on chick growth response to addition of test ingredient 
to a deficient diet. This method has several disadvantages. The biotin content of some feed 
ingredients is so low that very high inclusion levels of the ingredient are required to elicit 
a growth response. Moreover, growth response is non-specific and may be influenced by 
changes in other aspects of the diet such as nutrient concentrations or palatability. These 
factors probably account for the considerable variation in the availabilities of biotin in some 
feed ingredients reported by different authors. Thus the available biotin content of wheat 
has been suggested to be 90 pg/kg by Anderson & Warnick (1970), 43 aug/kg by Anderson 
etal. (1978) and virtually zero by Frigg (1976). However, the last author was able to support 
his conclusion with extensive statistical analyses of his results by the parallel line technique 
(Finney, 1978). An alternative means of assessing biotin bioavailability, based on a specific 
criterion of biotin status, is thus highly desirable. 
The activity of pyruvate carboxylase (pyruvate—carbon dioxide ligase (ADP-forming) EC 
6.4.1.1; PC)in-the blood of young chicks has been shown to be closely related to the biotin 
status of birds and to the biotin content of their diet (Whitehead & Bannister, 1978, 1980). 
The over-all relationship between enzyme activity and dietary biotin content is sigmoid in 
nature, but is linear over a wide range of dietary biotin concentrations. Moreover the relative 
increase in enzyme activity is much higher than that in growth rate over the same range 
of intakes. A bioassay based on blood PC activity is thus potentially more specific and 
sensitive than one based on growth. Accordingly, a series of experiments were carried out 
to establish the conditions and techniques required to measure biotin availability by means 
of a bioassay based on blood PC activity. 
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EXPERIMENTAL 
Birds and husbandry 
The birds used were female broilers, obtained as 1-d-old chicks from a commercial hatchery 
(D. B. Marshall Ltd, Newbridge, Scotland). They were housed in groups of up to ten birds 
in compartments (036 m 2) of electrically-heated tier brooders and had continuous access 
to feed and water. Individual live weights and group feed consumptions were recorded 
weekly. 
Analytical methods 
Blood PC. Samples of blood (1 ml) were taken from the wing veins during the third week 
of age into heparinized containers. Blood PC activity was assayed by the method of 
Bannister & Whitehead (1976). To simplify the assay, measurements of blood protein 
concentration were not made; hence activities were expressed as nmol 14CO2 incorporated/ml 
blood per h at 38°. For convenience, assays were conducted on batches of eight samples 
at a time and a maximum of four batches could be processed in I d. Assays for each 
experiment were therefore usually spread over a 3 d period. 
Biotin. This was determined on hydrolysates from test feed ingredients by a microbiological 
method (Wright & Skeggs, 1944). 
Procedure 
Expt 1. Establishment of conditions. This preliminary experiment was conducted to in-
vestigate the influence of dietary protein concentration on blood pyruvate carboxylase 
activity. Diet 1 (Table 1)was formulated to contain 150 g starch/kg and to provide sufficient 
biotin to result in intermediate activities of blood PC. Other diets were obtained by adding 
50, 100 or 150 g low-vitamin casein at the expense of the starch. Each diet was fed to ten 
chicks up to 3 weeks of age when blood PC activities were measured. 
Formulation of reference and test diets. The reference diets were formulated to meet the 
following requirements: (1) an adequacy of all nutrients except biotin, (2) a high content 
of essentially biotin-free ingredients, i.e. starch, low-vitamin casein, maize oil and cellulose, 
which could be wholly or partially replaced by test ingredients, (3) a sufficient content of 
available biotin to permit a blood PC activity at the lower end of the linear part of the 
relationship between dietary biotin content and blood PC activity. Reference diet RI 
(Table 1) contained a very high proportion (700 g/kg) of replaceable ingredients to permit 
high inclusion levels of test ingredients of very low biotin content. Diet R2, with 350 g 
replaceable ingredients/kg, was meant for use with test ingredients that contained large 
amounts of biotin and therefore did not require high rates of inclusion. The difference in 
non-replaceable constituents between the reference diets was made up with wheat, with the 
result that diet R2 contained slightly more available biotin. 
The test diets were obtained by adding an appropriate amount of the test ingredient at 
the expense of the replaceable ingredients so as to permit all the diets in each bioassay to 
contain the same amounts of metabolizable energy (ME), crude protein (nitrogen x 625; CP) 
and fat. For this purpose the IlE contents of the replaceable ingredients were assumed to 
be 360, 167, 153 and 0 MJ/kg for maize oil, low-vitamin casein, starch and cellulose 
respectively. The compositions of typical test diets for use in conjunction with both reference 
diets are given in Table 1. 
Expt 2. Test of linearity of response with diet Ri. This experiment investigated whether 
reference diet RI contained sufficient available biotin to permit a linear response of blood 
PC activity to the addition of low levels of supplemented biotin and also the range of higher 
supplemental levels over which linearity of response was maintained. Accordingly diet RI 
and seven other diets in which diet R  was supplemented with 5, 10, 15, 25, 50, 75 or 100 ttg 
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Table 1. Compositions (g/kg) of diets 




Test diets for 
use with diet RI 
Ti 	T2 
Test diets for 
use with diet R2 
T3 	T4 
Maize 200 
Wheat 340 53 400 53 53 400 400 
Herring meal 140 90 90 90 90 90 90 
Meat-and-bone meal 70 70 70 70 70 70 
Soya-bean meal 110 40 40 40 40 40 40 
Isolated soya-bean p rotein * 20 30 30 30 30 30 30 
DL-Methlonine 1 2 2 3 3 2 2 
Limestone flour 16 5 5 5 5 5 5 
Dicalcium phospate 15 4 4 4 4 4 4 
Salt 3 2 2 2 2 2 2 
Vitamin and mineral 5 5 5 5 5 5 5 
supplementt 
Replaceable ingredients 
Maize starch 150 400 194 37 43 194 190 
Low-vitamin casein 82 43 14 31 6 
Maize oil 20 13 10 II 12 




Sunflower-seed meal 80 
Soya-bean meal 80 
Analytical composition 
Calculated 
Crude protein (nitrogen x 6.25) 	221 	222 	224 	222 	222 	224 	224 
Diethyl ether extract 	 28 38 38 38 38 38 38 
Metabolizable energy (MJ/kg) 	 127 	116 	119 	116 	116 	119 	119 
Available biotin (,ug/kg) 	 70 38 40 
* FDP 950; Food Production Developments Ltd, 320 Kilburn Road, London. 
t Supplied (/kg diet): retinol 2000 tg, cholecalciferol 20 g, -tocopherol 17 mg, menadione 13 mg, thiamin 
10 mg, riboflavin 4 mg, nicotinic acid 28 mg, pantothenic acid 10 mg, pyridoxine 4 mg, folic acid '3 mg, choline 
500 mg, copper 35 mg, iodide 04 mg, iron 80 mg, magnesium 300 mg, manganese lOOmg, zinc 50 mg. 
biotin/kg were each fed to groups of ten chicks and blood PC activities.were measured at 
3 weeks of age. 
Expt 3. Test of linearity of response with diet R2. This experiment investigated the 
response of blood PC activity to the addition of supplemental biotin to reference diet 2 in 
the amounts likely to be used in the bioassay. Diet R2 and two others, containing 30 or 
60 ug supplemental biotin/kg were eadh fed to groups of twenty chicks up to 3 weeks of 
age when blood PC activities were measured. 
Standard bioassay procedure. Four diets were fed in each bioassay, two test diets and the 
corresponding reference diet on its own and supplemented with an amount of biotin in the 
range of 30-60 pg/kg. The amounts of the test ingredients and supplemental biotin were 
chosen so that the blood PC activities with the test diets would be approximately 
intermediate 'to the activities obtained with basal and supplemented reference diets. 
However this was not achievable at even the highest inclusion rates for some of the cereals 
tested, such as wheat and barley. With these ingredients, the biotin supplement for the 
reference diet was 30 jig/kg. 
All the diets were made up freshly for each bioassay to ensure that the contribution of 
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Table 2. Expt 1. Effect of dietary protein content on bloodpyruvate carboxylase (pyruvate: CO 2 
ligase (ADP-forming), EC 6.4.1.1; PC) activity of broilers at 3 weeks of age 
(Mean values with their standard errors for measurements on ten birds per group) 
Dietary 	 Blood PC activity 
protein content 	(nmol 'CO2 incorporated/ml 
(g/kg) 	 per h at 38 0) 
Mean 	 SE 
220 	 478 	 34 
266 376 37 
312 	 356 	 35 
358 325 21 
biotin from common ingredients was the same. CP and diethyl ether extract (EE) of test 
ingredients were determined before mixing to ensure that appropriate adjustments were 
made to the amounts of purified ingredients included in the test diets. The similarities of 
the protein and fat contents of test and reference diets in each bioassay were confirmed by 
analyses. 
Each diet was fed to twenty chicks and enzyme activities were measured in each bird 
during the 3rd week of life. Each batch of blood samples assayed contained samples from 
two birds on each diet. This procedure minimized any effects of changes in assay conditions 
or age of birds over the assay period. 
Of the seven feed ingredients tested, the wheat, barley, maize and soya-bean meal 
(extracted; 445 g CP/kg), were of unknown origin, having been purchased for the Poultry 
Research Centre feed mill through normal commercial channels. The sunflower oil cake 
meal (380 g CP/kg, 17 g EE/kg) came from South Africa, the safflower meal (245 g CP/kg, 
10 g EE/kg) came from Mexico and the rapeseed meal (352 g CP/kg, 12 g EE/kg) came 
from Switzerland. All the samples tested were from the same batch of each ingredient except 
for maize and soya-bean meal which came from two batches. 
RESULTS AND DISCUSSION 
Establishment of conditions 
Results from earlier studies (Whitehead & Bannister, 1978) indicated that although blood 
PC activity changes with age, a good relationship with dietary biotin intake is established 
by 2 weeks of age. However, variability is high between young birds, so the age for 
measuring enzyme activities was set at 3 weeks to represent a compromise between 
decreasing variation and increasing consumption of feed containing expensive ingredients. 
Female chicks were used since they have shown larger responses in blood PC activities than 
ales. - 
To establish nutritional guidelines for the assay, information was required on the effects 
of nutrients other than biotin on blood PC activity. Previous results (Whitehead & 
Bannister, 1978) suggested that dietary fat content could affect activity but no information 
was available on the effect of protein. However, the results of Expt 1 (given in Table 2) 
showed that increasing the dietary protein content markedly depressed activity. It was 
therefore decided that the diets used in each bioassay should contain the same amounts 
of CP, fat and rvin. 
Reference diets RI and R2 were formulated according to the criteria described and the 
response of enzyme activity to biotin supplementation of each was investigated. The results 
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Fig. I. Expt 2. Response of live weight (g) and blood pyruvate carboxylase (pyruvate—0O 2 ligase 
(ADP-forming) EC 6.4. 1. 1; PC; nmol 14 CO2 incorporated/ml per h) at 3 weeks of age in chicks given 
reference diet RI (for details, see Table I) supplemented with graded levels of biotin. Each point indicates 
the mean value for ten birds with their standard errors represented by vertical bars. Regression equation 
for blood PC activity is: Mean (PC) = 201-3+4-174 biotin. 
with RI are shown in Fig. 1. Deficiency lesions or growth depression did not occur at the 
lowest dietary biotin concentrations. This is consistent with previous observations that 
biotin requirements of broilers for growth are comparatively low when husbandry conditions 
do not allow achievement of full genetic potential for growth (Whitehead & Bannister, 
1980). However enzyme activity showed a response over the whole range of supplemental 
biotin levels. Tests for quadratic, cubic and linear responses suggested that the response 
was linear throughout the range. 
The test with reference diet R2 (Expt 3) showed that the response of enzyme activity to 
added biotin was also linear with this diet. Mean (± SE) blood PC activities were 112± 11, 
224+25 and 338±23 nmol 14CO2 incorporated/ml per h at 38° for diet R2 alone or 
supplemented with 30 or 60 1ag biotin/kg respectively. The results of Expts 2 and 3 thus 
confirmed that there was a linear response of enzyme activity with both basal reference diets 
to added biotin concentrations of up to and beyond 60 jig/kg which was the largest 
supplement used in the subsequent bioassays. 
Bioassay procedure 
The bioassay procedure adopted as standard contained four treatments so that each batch 
of enzyme assays could be balanced. The treatments comprised two test diets to maximize 
throughput, together with a basal and a biotin-supplemented reference diet. The accuracy 
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of the determination was dependent on the number of birds in each group. Twenty birds 
were used as an acceptable compromise between accuracy and effort. Assays of pooled 
samples were tried but were discontinued in favour of individual assays for methodological 
and statistical reasons. 
Examples of the compositions of some of the test diets are given in Table 1. The inclusion 
rate for the cereals was maximized since their available biotin contents were low. With the 
richer biotin sources, variable levels of inclusion were used. The assumption that these test 
ingredients were included in diets at the expense of biotin-free ingredients was not entirely 
valid. Cellulose and maize oil and starch do not contain biotin but the low-vitamin casein 
was found to contain 20 aug/kg on microbiological analysis. On the assumption that this 
was fully available, the appropriate small correction was made in the calculation of results. 
Enzyme activities with the basal reference diets varied appreciably between bioassays. 
This was attributable not only to differences in enzyme assay conditions and reagents but 
also to changes in the natural biotin contents of the standard practical ingredients in the 
diets. One batch of herring meal in particular was suspected to contain an abnormally-large 
amount of biotin. These fluctuations were not thought to affect the accuracy of the results 
since the enzyme activities with the basal diets in the two linearity tests were amongst the 
lowest observed and the activities in the bioassays normally extended over only the lower 
half of the linear part of the relationship between dietary biotin content and enzyme activity. 
Birds in bioassays based on reference diet R2 grew better to 3 weeks of age than those 
with RI (400 g v. 330 g), presumably because the higher proportion of practical 
ingredients made the former diet more palatable. Within individual bioassays there were 
occasionally significant differences in live weight between groups. However this was not 
thought to affect the validity or accuracy of results since there was no within-group 
relationship between bird weight and enzyme activity and, between bioassays involving the 
same diets, there were no relationships between activities and group mean live weights. 
Assessment of results 
When values for the blood PC activities with the reference diets were combined they showed 
a marked increase in variability as the mean level of activity rose. Since this relationship 
was largely linear, variances were considered to be directly proportional to the observed 
mean activity. Weighting the regressions by the inverse of the variance thus determined had 
a sufficiently small effect on the resultant estimates such that any further refinements of the 
variance-mean relationship were considered unnecessary. 
The reference diets were used to calibrate the response line in each assay. Amounts of 
biotin corresponding to the mean activity of PC were then read 
'
off for each feed ingredient. 
Fieller's theorem was used to find 95% confidence intervals for these estimates. Variation 
about the line was high, leading to an imprecise estimate of the slope and rather wide 
confidence intervals for any individual assay. 
Results of assays with the same test ingredient were combined using the method of 
Armitage, Bennett and Finney (Finney, 1978). A useful by-product of the combination 
procedure is a test that the assays, being combined, all measure a common concentration 
of biotin for any particular ingredient. This has been the situation for all values combined 
so far, despite the possible inhomogeneity of the slopes (y 2 of 324 on 13 df). Bartlett's test 
suggested that the error variance estimates were homogeneous and these were pooled to 
give an over-all estimate in the previously-mentioned method. Examples of the individual 
and combined values from one test ingredient (maize) are given in Table 3. 
A summary of the combined results of the bioassays is given in Table 4. The available 
biotin values are estimated from repeated determinations on samples from single batches 
of all test ingredients except maize and soya-bean meal. However values from different 
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Table 3. Slope of the relationship between blood pyruvate carboxylase (pyruvate: CO 2 ligase 
(ADP-forming) EC 6.4. 1 . 1) activity and dietary biotin content, residual variances and 
estimates of the means and confidence intervals in individual biosassays for the available biotin 
content of maize 
(Estimates are for analyses weighted (by the inverse of the variance) (A) and unweighted (B) (see p.  86). 
The test statistic for the uniformity of the estimates of available biotin content is distributed as F 416 , 
and has a value of 017, suggesting that the estimates are similar) 
Estimated 
No. of 	No. of 	 available 95% confidence 
reference test Standard error Residual 	biotin 	intervals 
Bioassay 	birds 	birds 	Slope 	of slope 	variance (ig/kg) (jig/kg) 
090 0730 58:2 351, 1012 
BAI2 33 18 397 
{A 
B 089 5840 373, 	952 
A 128 1238 685 387, 1318 
8A18 35 19 497 
{ B 133 13980 404, 1284 
A 082 1032 587 129, 1024 
BA24 40 19 642 
{ B 078 15240 9.4, 1021 
A 124 0988 870 —144, 2004 
BA27 33 18 407 i. B 	125 20440 —209, 1946 
{ A 090 0680 634 383, 	896 
BA30 30 32 784 B 094 10560 338, 	908 
Combined 646 488, 	825 
Table 4. Summary of results of measurements of the available biotin contents of feed 
ingredients by a chick bioassay based on the activity of blood pyruvate carboxylase 
(pyruvate. CO 2 ligase (ADP-forming), EC 6.4. 1 . 1) activity 
Levels of Estimated 95 % 
inclusion in available confidence 	Total 
test diets Reference 	No. of 	biotin limits biotin 	Estimated 
Test ingredient 	(g/kg) diet assays (ig/kg) (itg/kg) 	(,-g/kg) bioavailability 
Barley 600 RI • 2 12 —2, 	25 109 011 
Maize 500 RI 5 65 49, 	82 50 133 
Wheat 550 RI 5 4 —5, 	12 84 005 
Rapeseed meal 50,100 R2 2 574 414,825 930 062 
Safflower meal 50,100 R2 2 385 283,502 1211 032 
Sunflower meal 40,80 R2 5 415 274,580 1190 035 
Soya-bean meal 80 R2 3 278 207,363 258 108 
* Determined microbiologically. 
batches of these ingredients were combined when microbiological and PC assays suggested 
that the total and available biotin contents of the different batches were very similar. 
The results show that the bioavailability of biotin varies widely from one feed ingredient 
to another. Bioavailabilities in the wheat and barley samples were very low and were nearer 
the values obtained by Frigg (1976) than those of Anderson et al. (1978). The negative 
confidence limits obtained were included in the Table, rather than being replaced by zero 
values, because the possible presence of biotin-binding proteins in the cereals cannot be 
excluded. 
In contrast, the available content of maize was repeatedly found to be higher than the 
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amount determined microbiologically. Indeed, over all the assays the latter value was at 
the extremity of the 95% confidence limits of the combined estimate. If this disparity is real, 
there are two possible explanations. The hydrolytic procedures employed during the 
preparation of samples for the microbiological assay may destroy biotin or not liberate it 
fully (Schemer & De Ritter, 1975). Alternatively, other compounds may occur in maize 
which have biotin-like activity for chicks but not for micro-organisms. 
Biotin availability also varied widely in the oil seed meals tested. Biotin was fully available 
in soya-bean meal: the amount determined by PC assay was slightly higher than the 
microbiological value but the latter was well within the confidence limits for the enzymic 
method. Bioavailability in sunflower- and safflower-seed meals was comparatively low but, 
because of the high total contents, these meals were still good sources of biotin. Rapeseed 
meal was the richest source of available biotin among the ingredients tested. 
The results of these studies show that a bioassay based on the response of PC can be 
used to determine the available biotin content of feed ingredients. Measurements of the 
enzyme in the blood of chicks gives a specific indication of the relative biotin contents of 
their diets, provided the dietary contents of protein and fat are similar. The method should 
also work using hepatic PC since the activity of this enzyme is also related to dietary content 
(Atwal etal. 1971). However, hepatic PC activity is also influenced by dietary fat and protein 
(Whitehead etal. 1978) and, since in their work these were not equalized, it is not surprising 
that Anderson el al. (1978) did not obtain satisfactory results with a method based on this 
enzyme. 
The authors thank Mrs C. E. McNeill for expert technical assistance and F. Hoffmann-La 
Roche & Co., Basle, for microbiological assays for biotin. 
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Performance of laying hens fed on 
practical diets containing different levels of supplemental biotin 
during the rearing and laying stages 
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i. The effect of biotin supplementation of low-biotin practical diets during rearing and laying stages on 
performance was studied in White Leghorn-type laying hens. 
Biotin supplementation during rearing did not have any apparent effect on the condition of the bird at 
point-of-lay or on subsequent laying performance. 
Biotin supplementation during lay did not have any beneficial effect upon egg number, egg size or food 
intake or food conversion efficiency. 
Internal egg quality, as reflected by albumen height, was slightly improved by biotin supplementation 
of layer's diet. 
Input—output relationships were calculated for the incorporation of biotin in egg yolk. 
Metabolic measurements suggested that biotin concentration in egg yolk was the best criterion of 
biotin status in the hen. 
It is concluded that practical diets contain sufficient biotin to support optimum egg-laying performance 
in hens. 	 - 
Adult fowls have a requirement for biotin for hatchability of eggs, but the requirement for 
egg laying has not been established: Studies by Cravens et al. (1942) and Brewer & Edwards 
(1972) have shown that, when diets virtually devoid of biotin were fed to hens, hatchability 
decreased rapidly to zero but egg laying continued apparently unaffected. However, these 
experiments involved the feeding of deficient diets for periods of only io-ii weeks to hens 
with rates of lay low by modern standards. More recently, Bradley et al. (1976) reported 
that biotin supplementation of a practical diet resulted in a small increase in the rate of lay 
of Leghorn-type breeders. 
Studies with broilers over the past few years have shown that biotin can have an important 
effect on performance (Payne et al. 1974; Whitehead & Blair, 1974; Whitehead et al. 1976) 
and it has been suggested recently that the requirement for optimum performance is higher 
than had been supposed (Whitehead & Bannister, 1978a). Since it is possible to formulate 
practical layers' diets containing quite low levels of available biotin, it was decided to 
investigate the biotin requirements of layers over the whole laying year on a scale larger 
than hitherto, using a modern strain of high-performance layer. The experiment encom-
passed both the rearing and laying stages to determine whether biotin supplementation of 
practical low-biotin diets during either period could result in improvements in any aspect 
of performance. 
EXPERIMENTAL 
Plan and diets 
Six treatments involving different levels of biotin supplementation were given in the rearing 
stage of the experiment. The supplemental levels were oo6 mg/kg from i-day-old to 6 weeks 
and o thereafter or o, oo6, 012, 020 or 040 mg/kg from i-day-old to 19 weeks. At 19 weeks, 
birds from the rearing groups given oo6 mg/kg to 6 weeks and 0I2 mg/kg to 19 weeks 
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Fig. i. Supplemental dietary biotin levels fed to different groups of birds during different stages 
of the experiment. 
were retained for the laying trial. During the laying stage, supplemental biotin levels of o, 
oo6 and 015 mg/kg were each given to birds from each of these two rearing groups. The 
design of this part of the experiment was thus a 2 (rearing treatments) x 3 (laying treatments) 
factorial. The over-all experimental design is represented diagrammatically in Fig. i. Each 
rearing treatment was given to three pens of birds except the two treatments retained for 
the laying stage, which were each given to eighteen pens of birds. During the laying stage, 
the three supplemental levels were each given to 204 hens from each of the two rearing 
treatments. A total of 1224 hens was thus used for the laying stage. 
The supplemental levels were chosen so that birds used in the laying stage would have 
been reared on either comparatively low or high dietary biotin levels. Nevertheless, the low 
group was given a small biotin supplement to guard against a possible occurrence of fatty 
liver and kidney syndrome (Payne et al. 1974; Whitehead & Blair, 1974). The diets fed 
during the laying stage were calculated to provide very low, moderate and high levels of 
available biotin. 
The compositions of the basal diets used during different stages of the experiment are 
shown in Table i. The diets were formulated to contain levels of available biotin as low as 
could be achieved conveniently using the more commonly available practical food in-
gredients. For this reason they were based mainly on wheat, since the availability of biotin 
in this cereal has been estimated by Frigg (1976) to be less than 0.10. The total and available 
biotin contents of the basal diets, calculated on the basis of the results of Frigg (1976, 
1977) are given in Table I. Assays of the total biotin contents of different batches of the 
diets gave values similar to the calculated values. 
Other experimental diets were obtained by supplementing the basal diets with a com-
mercial preparation containing tog D-biotin/kg (Rovimix H; Roche Products Ltd, Dun-
stable, Beds LU6 IBG). Analysis of these diets confirmed that the appropriate levels of 
additional biotin were present. 
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Table i. Composition (g/kg) of basal diets fed during different stages 
of the experiment 
Rearing stage Laying stage 
Ingredient o-6 weeks 6-19 weeks 19-73 weeks 
Wheat 767 707 755 
Herring meal 140 50 70 
Soya-bean meal (445  g CP/kg) 25 8o 40 
Meat-and-bone meal - - 30 
Field-bean meal 30 - - 
Maize - 120 - 
Isolated soya-bean protei n * - - 10 
Limestone flour 16 16 65 
Dicalcium phosphate 15 17 22 
Lysine - 1 - 5 - 
Salt 2 3 3 
Mineral supplementt 25 25 25 
Vitamin supplement 25 25 25 
Choline chloride (500 g/kg) 04 - - 
Analyses - 
Measured 
CP 204 170 165 
Calcium 13 13 36 
Diethyl ether extract 18 18 23 
Total biotin (mg/kg) oio6 0098 oc87- 
(range 0075-0094) 
Calculated 
Total biotin (mg/kg) 0II0 0 . 105 0099 
Available biotin (mg/kg) 0040 0041 0029 
Metabolizable energy (MJ/kg) 'vol 1205 11-38 
CP, crude protein (nitrogen x 625). 
* Promine D; Oppenheimer Casing Co., Edinburgh. 
t Supplied (mg/kg diet): Copper 35, iodide 04, iron 8o, magnesium 300, manganese ioo, zinc 50. 
Supplied (/kg diet): Retinol 2000 Itg, cholecalciferol 20 /tg, x-tocopherol 17 mg, menaphthone 13 mg, 
riboflavin 4  mg, nicotinic acid 28 mg, pantothenic acid 10 mg. 
Birds and husbandry 
The birds used were H & N Nick Chicks obtained at i-d-old from a commercial hatchery 
(H & N Inc., Dunbar EH42 iDU). Up to ig weeks of age they were housed in floor pens 
containing a deep litter of white-wood shavings, forty-five birds per pen. Food and water 
were freely available at all times. Food consumption per pen was measured weekly and 
all birds were weighed at 6 and 18 weeks of age. 
At 19 weeks, birds from the appropriate rearing treatments were transferred according to 
a randomized plan to single-bird battery cage units equipped with individual feeding troughs 
and communal drinkers. Food and water were again freely available at all times. Food 
consumption per bird was measured monthly and egg production per bird was recorded 
daily. All eggs laid on 2 days each week were weighed individually. Recording continued 
until the end of the experiment at 73  weeks of age when the birds were again weighed. 
At 4,' 18 , 45 and  73  weeks the birds were examined for signs of biotin deficiency and blood 
samples were taken for measurement of pyruvate carboxylase (pyruvate: CO 2 ligase 
(ADP); EC 6.4. i. i) activity. At 6o weeks, pooled plasma and yolk samples were prepared 
and stored at - 100 until analysed for biotin, and eggs were taken for measurement of 
albumen height converted to Haugh units (Haugh, 1937) to allow for differences in egg size. 
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Table 2. Rearing performance up to 18 weeks of age of 'Nick Chick' pullets fed on diets 
containing different levels of supplemental biotin 
Supplemental No. of 
Live wt (g) at: 	 FCE 	 Mortality (%) 
- 
biotin (mg/kg) replicates 	6 weeks 	18 weeks 	0-6 weeks 7-18 weeks o-6 weeks 7-18 weeks 
0 3 453 1309 0381 0153 0 o 
oo6-6 weeks 18 460 1272 0376 0I45 1 . 7 07 
oo6-18 weeks 3 452 1288 0360 0152 22 0 
0q2-18 weeks 18 456 1272 0398 0147 15 01 
020-18 weeks 3 455 1285 0326 0149 37 02 
040-18 weeks 3 458 1262 0362 0145 44 0 
SED 
Min rep 11 9 198 0027 00037 
Max-mm 91 151 0021 00028 
Max rep 49 81 ooii 00015 
FCE, food conversion efficiency (live weight gained/unit of food consumed). 
SED: Min rep, Max-mm, Max rep standard errors of differences between groups with minimum replica-
tion, maximum and minimum replication and maximum replication. 
* No. of pens, each containing forty-five birds, in each treatment. 
Methods 
Blood pyruvate carboxylase activities were measured using the methods described by 
Bannister & Whitehead (1976) and Whitehead & Bannister (1978b); enzyme activity was 
expressed as nmol 14CO2 incorporated/g haemoglobin per min at 38°. 
Biotin was measured by a microbiological method using Lactobacillusplantarum (Wright 
& Skeggs, 1944). 
RESULTS 
Rearing performance 
The effects of the different dietary biotin levels on Jive weight, food conversion efficiency 
(FCE) and mortality at 6 and 18 weeks of age are given in Table 2. Live weight was very 
similar in all groups at 6 weeks. At 18 weeks it was highest in the group given the basal 
diets throughout but, because of the low extent of replication, the difference was not 
statistically significant. FCE showed no significant dietary effects or trends. 
Mortality was low throughout the rearing stage, the bulk of the deaths occurring during 
the first few days of the experiment mainly as a result of septic yolk sacs. There were no 
instances of fatty liver and kidney syndrome and none of the birds given the unsupple-
mented basal diets died during the rearing stage. 
Laying performance 
The flock as a whole performed well. The first eggs were laid during the 21st week and the 
mean age at first egg was 22 weeks. The peak rate of production was 93 % (hen-day basis) 
during week 28. Average production to 72 weeks per hen housed at 19 weeks was 271-3 eggs. 
The performance results for the laying stage are given in Table 3.  They were analysed 
according to rearing and laying treatments by analysis of variance. Values missing as a 
result of mortality were replaced by calculated values. 
There were no interactions between rearing and laying treatments in any aspects of per-
formance measured; neither was there any significant effect of rearing treatment on sub-
sequent performance. 
There was no significant (P > or) effect of laying treatment on any aspect of egg pro-
duction performance. The birds on each treatment came into lay at the same time and laid 
Table 3. Aspects of performance of 'Nick Chick' laying hens from 19 to 73  weeks of age fed on diets containing different 
levels of supplemental biotin during the rearing and laying stages 
(Mean values for 204 birds in each rearing x laying group) 
Laying treatment Statistical significance 
(mg supplemental biotin/kg) Rearing of treatment 
Rearing -s treatment 
treatments o 	 oo6 	01 5 mean SED Rearing 	Laying 
Mean age at first egg (weeks) a 2208 	2217 	2207 2211 o•22 NS 
b 2207 2206 2205 22O6 
M 2208 	2212 	2206 026 NS 
Mean egg no. a 2798 28 3 -1 2800 281-0 NS 
b 2805 	2804 	2800 280'3 1*73 
M 2801 2818 2800 294 NS 
Mean egg wt (g) a 5904 	5941 	5899 5915 I 025 NS 
b 5922 5926 5931 5926 
M 5913 	5933 	5915 022 NS 
Total estimated egg wt (g/bird a 4536 	4629 4531 4565 NS ft 
per d) b 45.64 4556 	4563 4561 I 034 
M 4551 	4593 4547 053 NS '1 
Mean egg quality during weeks a 7753 	7931 	8002 7895 NS 
6o-63 (Haugh units) b 7782 8000 8329 8037 174 
M 7786 	7962 	811 2'07 007 
Food intake (g/bird per d) a 1157 	1 16o 	115 . 5 1157 051 NS 
b 1154 1 16o 1157 1157 
M 1 1 5 . 6 	116-o 	115-6 057 NS 
FCE a 0392 	0399 	0393 0395 0003 NS b 0395 0392 0394 0394 
M 0394 	0'395 	0 394 0004 NS 
Live wt at 73  weeks (g) a ,8o6 	1829 	1823 18191 16 NS b 1827 1830 1819 1825 
M 1817 	1830 	1821 188 NS 
Mortality (%) a 39 	 69 	 25 4.4 NS 
b 49 4.4 29 41 
M 44 	 56 	 27 0110 
NS, not significant (P > oio). 
a, biotin supplement of oo6 mg/kg to 6 weeks of age; b, biotin supplement of 0' 12 mg/kg to 19 weeks of age (for details of basal diets, see Table ,); M, mean of 
laying treatments; SED, standard error of difference (16 df for rearing treatments, 64 df for laying treatments for all factors except egg quality where there were 22 df 'J 
for both treatments); FCE, food conversion efficiency (weight of eggs produced per unit of food consumed). 
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Table 4.  Intake of dietary biotin and excretion of biotin in egg yolk of 'Nick Chick' laying 
hens fed on diets containing different  levels of supplemental biotin 
Supplemental biotin (mg/kg) 
o oo6 OI5 
Yolk biotin (ng/g wet yolk)* 
Mean 391 *3 6977 9370 
SE 6 21*1 77 
Mean yolk wt (g) 1869 1918 192I 
Percentage egg production (hen-day basis)t 795 741 696 
Output of yolk biotin ( 'ag/bird per d) 581 991 I253 
Food intake (g/bird per d)t 1278 1275 121-8 
Estimated intake of available biotin 383 11-48 21-92 
(tug/bird per d) 
Apparent efficiency of incorporation of 1 - 5 2 o86 057 
biotin in egg 
Efficiency of incorporation of supple- 054 037 
mental biotin in egg 
* Duplicate analyses on sample of yolk pooled from thirty eggs collected from groups of twelve birds in 
each treatment over a 4  d period during week 6o. 
t Performance results are means for the same groups of birds over a 4-week period incorporating the 
collection period. 
Calculated on the basis of the basal diet containing 003 mg available biotin/kg (see Table ,). 
similar numbers of eggs of very similar weight. Food intake and FCE were virtually identical 
in the three groups, with the result that there was little difference in live weight at the end of 
the experiment. 
Meaningful treatment effects occurred possibly in internal egg quality, measured in Haugh 
units, over a 3-week period from week 6o. There was some day-to-day variation in quality 
and the values quoted in Table 3  contain corrections for collection day by analysis of co-
variance. The standard errors are thus approximate. There was no evidence of an effect of 
rearing diet; however, there was a suggestion that Haugh units increased in an approxi-
mately linear way with the biotin content of the laying diet, at a rate of 0025 Haugh 
units/dug biotin. This increase had a standard error of 00 137 and was significantly different 
from zero (P < 007). 
Mortality throughout the laying stage was very low over all and least with the highest 
level of biotin. Causes of death were varied, the most common being egg peritonitis and 
septicaemia, but there was no pattern with treatment. Effects of treatment on total mortality 
were estimated by fitting, by maximum likelihood, an additive model on the logit scale as 
described by Dyke & Patterson (1952) and Nelder & Wedderburn (1972). There was no 
effect of rearing diet but the observed effect of the laying diet was significant (P < 0 . 10). 
Biotin transfer to the egg 
Measurements of biotin in pooled samples of egg yolk showed large differences between 
treatments (Table 4). Using performance values for the groups of birds from which the 
eggs were collected, the daily output of biotin in eggs was calculated for each treatment. 
On the basis of the available biotin content calculated for the basal diet (Table 2), the daily 
intake of available biotin was estimated for each treatment. For the basal diet, the daily 
output in yolk was approximately o% greater than the estimated intake. The efficiencies 
of incorporation of the supplemental biotin into the eggs were 54  and  37%  for the 6o and 
150 pg/kg levels respectively. 
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Table 5. Plasma biotin concentration and blood pyruvate carboxylase (pyruvate-0O2 ligase 
(ADP-forming), EC 6.4. i . 1; PC) activity at different stages in 'Nick Chick' pullets fed on 
diets containing different levels of supplemental biotin 
(Mean values with their standard errors for duplicate assays on pooled samples from twelve 
birds/ treatment. PC activity is expressed as nmol 14CO2  incorporated/g haemoglobin per min at 38 °) 
Plasma biotin 
Blood PC 	 (ng/ml) 
Age of bird (weeks) 	4 	 18 	 45 	 72 	 6o 
Supplemental 	----- 	 -------- 	r-------- 	----m 	r—-' 
	
biotin (mg/kg) Mean 	SE Mean 	SE 	Mean 	SE Mean 	SE 	Mean 	SE 
o 	63-3 	20 	50. 0 	50 	59.1 	26 	61-2 	36 	267 	21 
o-o6 86-7 25 494 25 652 34 76-4 39 530 8-3 
0- 12 	948 	25 	533 	46 
0-15 55 .0 	18 	743 	4 - 2 	51 - 9 	40 
0-20 	980 	33 	567 	31 
0 -40 935 3 . 0 55 .4 1•7 
Biotin status of birds 
Plasma biotin levels and blood pyruvate carboxylase activities at different stages are given 
in Table 5. Plasma biotin level at 60 weeks was very much lower in hens fed on the basal 
diet, although a difference was not observed between birds fed on the two levels of supple-
mental biotin. Enzyme activity was depressed only at 4  weeks of age in birds fed on the low 
levels of biotin. 
Regular inspection of the birds, especially their feet, failed to reveal any signs character -
istic of biotin deficiency. The feet of birds on all  the rearing treatments were in good condi-
tion at 18 weeks of age. However, by 73 weeks the feet of many birds showed areas of 
hyperkeratinization, particularly on the tips of the digits. Often there were haemorrhagic 
areas showing signs of bacterial infection. Although similar effects can be caused by biotin 
deficiency in chicks, the lesions were distributed evenly between the different treatments and 
were taken to be indicative of wire-floor abrasion rather than nutrient deficiency. 
DISCUSSION 
The performance of the flock in all aspects throughout different stages of the experiment 
was very good and comparable with that achieved by this strain under commercial condi-
tions. In such circumstances, a nutrient insufficiency might be expected to be most easily 
detected. The basal diets were formulated to be low in available biotin; nevertheless, few 
beneficial effects of supplemental biotin were observed during either the rearing or laying 
stages. 
During rearing, birds fed on the basal diet suffered least mortality, grew as well at all 
stages and were in as good condition at point-of-lay as those-given supplemental biotin. 
On the assumption that the availability of biotin from wheat is only OIO, the growth require-
ment, at least for pullets reared on deep litter, is thus apparently not higher than 004 mg 
biotin/kg. The comparable requirement for broilers has been estimated. to be 0- 1 7 mg/kg 
(Whitehead & Bannister, 1978a). However the curve established for the response of broiler 
growth to dietary biotin suggests that the much lower requirement of growing pullets is 
nevertheless appropriate for birds with such slow growth rates. 
The low-biotin rearing group that continued into the laying stage was given a small 
biotin supplement up to 6 weeks of age. It was not thought that this supplement would 
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have an effect on biotin status at point-of-lay, but might ensure a good start for the chicks. 
In the light of the results obtained, this supplement may not have been necessary to achieve 
a satisfactory point-of-lay pullet. However, during rearing the birds were fed on diets that 
contained generous amounts of other nutrients and experienced no apparent disease 
challenges. Under commercial conditions, it might be prudent nevertheless not to feed 
chicks on diets containing minimum biotin levels, for the first few weeks at least. 
The group given the larger biotin supplement ofoI2 mg/kg throughout the rearing stage 
did not derive any subsequent benefit from it during the laying stage. 
There were few effects of dietary biotin level during the laying stage that approached 
statistical significance. Egg production performance, in terms of number and size of eggs, 
was very similar in all groups, as were food intake and FCE. Mortality during the experiment 
was low and at the end of the experiment the birds had similar body-weights and did not 
show any lesions that could be attributed to diet. Egg quality, in Haugh units, was the one 
factor that did appear to show a relationship with biotin. It increased almost linearly with 
supplemental biotin and the effect was significant (P < 007). The actual egg quality of all 
groups was good but it is possible that, where poor egg-white quality occurs, a contributory 
factor may be dietary vitamin status. 
The results of this experiment thus indicate that, in contrast to the broiler, the laying hen 
has a low requirement for biotin and even practical diets based on poor biotin sources do 
not require supplementation. These findings do not support those of Bradley et al. (1976) 
who reported a small response in egg production to supplemental biotin, despite the fact 
that the present experiment involved birds performing at a higher rate of egg production 
and fed on a basal diet containing less calculated available biotin. 
The actual level of available biotin in the basal laying diet was not easily measurable but 
was calculated to be approximately 003  mg/kg. The calculation depends considerably on 
the availability value used for wheat (availability in the other dietary ingredients is too). 
The value taken for wheat was o•io, which was thought to be reasonable in the light of the 
results of Frigg (1976) who, in well-conducted growth-response bioassays, obtained no 
detectable response to wheat samples from widely different sources. However, Anderson 
et al. (1978) have recently reported bioassays that suggest the availability in wheat may be 
approximately 040,  although their results do not seem so convincing as those of Frigg 
(1976). 
The biotin input—output relationship was calculated on the basis of biotin measurements 
in pooled yolk samples (there is little biotin in albumen). With the basal diet, 50% more 
biotin appeared to be excreted in eggs than was calculated to be ingested. There are several 
possible explanations. Yolk biotin measurements were made on pooled samples; there was 
thus no indication of variability between eggs from the same hen or from individuals with 
widely different rates of lay. Alternatively, the diet may have contained more available 
biotin than calculated. An incorporation of biotin of i00% in the egg can be accounted for 
by assuming availability of biotin of 030  in wheat; however this method could not be re-
garded as satisfactory for estimating availability in food ingredients. Finally, there is the 
possible contribution of intestinally-synthesized biotin. It is not thought that much, if any, 
biotin of microbial origin can be absorbed by the chick (Coates et al. 1968) and in the hen 
the caeca, the site of maximum biotin synthesis, appears to be a net absorber of biotin 
(Sunde et al. 1950). Nevertheless, it is possible that biotin synthesized in other parts of the 
intestinal tract may contribute to the biotin supply of the adult hen. 
Calculations on the transfer of supplemental biotin of the egg are less problematical. 
Efficiency was found to decrease with increasing biotin supply, being 054 and 037 with 
oo6 and o- 1 mg supplemental biotin/kg respectively. This contrasts with the linear rela-
tionship between dietary and yolk biotin observed by Brewer & Edwards (1972). 
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Various metabolic factors were measured in an attempt to establish a suitable criterion 
of biotin status in hens. Blood pyruvate carboxylase activity gave some indication at 4 weeks 
of age but, as had been found in broilers and turkeys (Whitehead & Bannister, 1978b) its 
relationship with biotin intake decreased with age so that by the time the birds were mature 
it gave no indication of biotin status. 
Direct measurements of biotin were more useful. Plasma biotin levels showed a large 
difference between hens fed on the basal diet and those given supplemental biotin, although 
a difference between the two supplemental levels was not demonstrated. Plasma biotin 
concentrations were in the order of ten times greater than values reported for chicks (Frigg 
et al. 1973), but it has been confirmed that the plasma biotin concentration of pullets in-
creases markedly when they start to lay eggs (M. Frigg, personal communication). This is 
consistent with observations by Hertze et al. (1949) that administration of oestrogen to 
sexually immature chicks raised serum biotin level 5-fold. Compared with plasma levels, 
yolk biotin from the same birds showed a better relationship with dietary biotin intake 
and this, factor may be the best criterion of biotin status in laying birds. 
I thank Mrs C. C. McCorquodale for statistical help with the planning of the experiment 
and analysis of results and F. Hoffman-La Roche & Co., Basle, for biotin analyses. 
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Abstract 1. Biotin concentrations in the plasma of hens and chicks and 
in egg yolk were measured at different ages in broiler breeder hens housed 
on litter or in cages and fed restricted amounts of diets containing different 
concentrations of biotin. 
In the caged groups, biotin concentrations in these fluids increased with 
increasing maternal biotin intake over the range of intakes studied. 
Biotin concentrations in hen plasma and yolk were linearly related and 
increased with age. 
Biotin concentration in chick plasma was highly correlated (r = 093) 
with yolk concentration. The poorest biotin status was predicted for chicks 
from young hens. 
There was no evidence that ingestion of excreta contributed substantially 
to the biotin status of hens housed on deep litter. 
INTRODUCTION 
A recent study has suggested that the biotin requirement of a Leghorn-type hen 
for egg production is relatively low and is met by 30 /.tg available biotin/kg diet 
(Whitehead, 1980). Data on the requirements of breeding hens are few, but Brewer 
and Edwards (1972) suggested that 100 /1g/kg diet was sufficient to give yolk biotin 
concentrations of 200 ng/g associated with optimum hatchability in broiler breeders. 
However the birds in their study were kept under conditions differing markedly from 
conventional industrial practice since they were fed ad libitum throughout and were 
housed in cages during the laying period. 
The most usual husbandry of broiler breeders involves restriction in food intake 
during both rearing and laying stages. Thus biotin requirement is more usefully 
defined in terms of daily intake rather than dietary concentration. However the actual 
dietary requirements may be influenced by the housing of breeders on floors covered 
with litter containing biotin of microbial origin in excreta. Biotin from this source is 
not thought to contribute more than 5to1 0% of the amount required by growing 
us usici 	vv iiiicsscau and IJaulllsLcs, 1  9080) our parents on I cgiiiics in -V._1_.:__ r___1 uIvilig Iuuu 
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restriction might be expected to peck amongst the litter to a greater extent and thus re-
ingest, deliberately or adventitiously, more of their excreta. This possibility is support-
ed by observations that crop and gizzard contents from such birds frequently contain 
pieces of wood shavings from litter. However there are no quantitative estimates of the 
extent to which vitamins in the litter may contribute to overall status in birds on 
restricted regimes. 
The present experiment was carried out to study aspects of biotin intake and 
transfer to eggs and chicks in broiler breeder hens given restricted amounts of food. By 
comparing these factors in hens on litter and in cages it was hoped to find out whether, 
or to what extent, birds could augment their intake by consuming material from the 
litter. 
MATERIALS AND METHODS 
Birds and husbandry 
The birds studied were part of a flock of broiler parent females (D. B. Marshall 
Ltd, Newbridge, Scotland) that had been reared in floor pens covered with a deep 
litter of wood shavings under a daily food restriction programme designed to give a 
mean body weight of 2 kg at 20 weeks of age. At 18 weeks of age the birds were re-
organised into the following groups. Group A comprised two deep-litter floor pens 
(7.4 m 2 ) each containing 30 females and 3 males and fitted with nest boxes and 
communal food and water troughs. Groups B, C and D each comprised 12 hens housed 
in single-bird wire cages fitted with individual food troughs and nipple drinkers. 
Weighed quantities of food were provided daily so as to give all birds the same average 
intake. Caged birds were inseminated weekly between 28 and 41 weeks of age and egg 
production from all groups was recorded daily. 
Diets 
The experimental diets were fed from 20 weeks of age. The composition of the 
basal diet is given in Table 1. Analyses showed it contained 100 jzg biotin/kg and on 
the basis of data of Frigg (1976) and Whitehead et at. (1982) it was estimated that 
60 gig/kg was available. This diet was fed to groups A and B. Groups C and D received 
the basal diet supplemented with 100 and 200 ug biotin/kg respectively. Analyses 
confirmed the biotin contents of these diets. From 26 weeks onwards the daily 
allowance of all diets was 150 g/bird. 
Analyses 
The ages at which the various samples were collected are indicated in Table 2. All 
measurements were made on pooled samples. Plasma samples from hens were pooled 
from all birds in each of groups B, C and D and from 12 hens chosen at random on each 
occasion in group A. Yolk samples were taken from pools of 50 yolks per group. Eggs 
were incubated weekly and on two occasions chicks hatching from eggs laid by hens at 
the ages shown were decapitated and pooled plasma samples were collected from about 
30 chicks in each group. All samples were stored at —20 °C until analysed for biotin 
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TABLE I 
Composition (g/kg) of basal diet 
Ingredients 
Barley 	 260 
Maize 300 
Wheat 	 185 
Grass meal 	 10 
Herring meal 60 
Soyabean meal 	 66 
Vegetable oil 15 
DL-Methionine 	 1 
Limestone 	 71 
Dicalcium phosphate 	 23 
Salt 	 3 
Vitamin and mineral mixture' 	 6 
Analyses (determined): 
Crude protein 	 146 
Calcium 	 31 
Phosphorus 8 
Ether extract 	 38 
Biotin (jig/kg) 2 100± 7 
1 Supplied (/kg diet): copper 42 mg, iodide 
05 mg, iron 96 mg, magnesium 360 mg, manga-
nese 120 mg, zinc 60 mg, retinol 2400 jig, cholecal-
ciferol 24 jig, a-tocopherol 20 mg, menaphthone 
15 mg, riboflavin 5 mg, nicotinic acid 33 mg, pan-
tothenic acid 12 mg. 
2 Mean ± SEM of duplicate determinations on 
one diet sample. 
TABLE 2 
Biotin concentrations in yolk and hen and chick plasma at different  ages and hatchability in broiler breeder hens 
Age of hens (weeks) 
Trait 	 Group' 	18 	26 27 	29 	30 	36 40 	41 	58 
Biotin in hen A 	21 	159 165 170 209 208 221 
plasma 2 (ng/ml) 	B 267 270 
C 380 356 
D 44'2 420 
Biotin in egg 	 A 	 435 449 	443 	 529 607 	 625 
yolk' (ng/g) B 475 538 
706 859 
D 1042 1041 
Biotin in chick 	 A 24 34 
plasma' (ng/ml) 	B 24 23 
C 36 3.4 
D 4.9 56 
Hatchability of 	 A 88.7+1-1 
fertile eggs 5 (%) 	B 86.7+1.9 
C 79.9+2.2 
D 89l±l6 
A: deep litter, 100 jig total biotin/kg; B, C, D: caged 100, 200, 300 jig total biotin/kg respectively. 
2 Values for pooled samples from 12 hens. 
Values for pooled samples from 50 yolks. 
Values for pooled samples from 30 chicks. 
Men,, ±SEM ovcI period 29 to 41 weeks. 
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microbiologically (Wright and Skeggs, 1944). This method is highly reproducible and 
over a range of biological samples has been shown to give a mean coefficient of 
variation of 4% between duplicate assays. 
RESULTS AND DISCUSSION 
There is no single well-accepted criterion of biotin status in adult birds. However 
measurements of biotin contents in egg yolk and hen and chick plasma, together with 
hatchability of eggs, can be taken as a good indication of Status. This was confirmed by 
the results (Table 2) which showed that the biotin concentrations in each of these fluids 
gave roughly linear responses to biotin intake in the caged groups B, C and D. A 
consideration of all the data does not suggest that birds in group A had a superior 
biotin status to their caged counterparts in group B. Biotin concentrations in yolk and 
chick plasma were somewhat higher in group A at 41 weeks of age but this effect was 
not apparent at 29 weeks. In contrast, biotin concentrations in hen plasma were 
consistently lower in litter-housed birds. Analyses indicated that the excreta of broilers 
at point of lay contained 580 /g biotin/kg dry weight, a six-fold increase on the total 
dietary content. Thus a relatively low rate of ingestion of excreta could have made an 
important contribution to the biotin status of the hens. However the results of the 
experiment suggest that this did not happen. 
Changes in biotin status occurred with age. As birds came into lay, there was a 
large increase in their circulating biotin concentration. This has been observed pre-
viously in laying hens (Whitehead, 1980). However there was a continuous and 
pronounced rise thereafter in plasma biotin concentration in group A that was reflect-
ed in increases in yolk biotin concentration. The rate of increase in plasma biotin 
concentration declined with age, to the extent that a quadratic function gave a 
significantly (P < 0.05) better fit to the increment in plasma biotin with time than did 
a straight line. The rate of increase in yolk biotin concentration also declined with age, 
though in this case the fit of the linear function was not significantly different from 
that of the quadratic. Nevertheless regression of yolk biotin on plasma biotin content 
showed a statistically-significant (P < 0.05) linear relationship between these charac-
teristics. In the caged birds, biotin concentration in yolk increased with age but a 
corresponding rise was not detected in plasma. 
At both the ages it was measured, the plasma biotin concentration of hatching 
chicks reflected the yolk biotin concentration. When all data were combined, a 
significant linear relationship (r = 093, P < 001) was found to exist between these 
traits. The data on chick plasma biotin concentrations did not show a consistent effect 
of maternal age although the values at 41 weeks of age were higher, on average, than 
those at 30 weeks. However, in view of the marked relationship between yolk biotin 
concentration and maternal age shown earlier, it would be reasonable to predict that 
biotin status will be poorest in chicks hatching from young parents laying, as they do, 
eggs whose size and biotin concentration are at their lowest. Such an interpretation is 
consistent with observations that chicks from younger parents are more susceptible to 
fatty liver and kidney syndrome (Hemsley and Marshall, 1973). 
Calculations were made on the incorporation of dietary biotin into the yolk 
(Table 3). These showed that the efficiency of incorporation was high, especially in 
birds fed on diets of low biotin content, when 70% of the available biotin was 




Biotin intake and output in the yolk in broiler breeder hens at 29 and 40 weeks of age 
Available Biotin output Efficiency of 
Egg production Mean egg biotin intake in yolk' incorporation 
Group' 	Week (per 100 bird d) weight (g) (zg/hen/d) (pgfhen/d) in yolk 
29 701 56.8 + 1.6 9 493 055 
A 	 40 638 656± 12 9 711 079 
29 808 56-0 + 1.2 9 6'02 067 
B 40 645 641 ± Ii 9 623 069 
29 728 578± 10 24 832 035 
C 	 40 607 65-8+2-1 24 961 040 
29 762 58-3 + 0-9 39 1296 033 
D 40 643 650±08 39 1218 031 
See Table 2. 
2 Based on measured yolk weight and biotin concentration. 
transferred to the yolk. At these dietary contents, the biotin concentration of albumen 
is fortunately low (about 50 zg/g wet weight), thus leaving the hen with a daily intake 
of about 2 j.tg to meet its own maintenance requirement. This apparently is adequate, 
because beneficial responses in performance of hens were not observed with higher 
dietary biotin concentrations, when efficiency of incorporation into yolk was lower 
and more biotin was therefore available for the hen. 
Hatchability is one of the most important productive criteria of biotin require-
ment in breeders. In the present study, mean hatchability from 29 to 41 weeks was high 
in groups A and B fed on the basal diet (Table 2) and was not improved significantly 
(P > 005) by supplemental biotin, although the number of eggs involved was not 
sufficiently high to allow a good quantitative judgement to be made. Nevertheless eggs 
from the basal groups contained at all ages of hen more biotin in the yolk than the 
200 ng/g suggested by Brewer and Edwards (1972) to be necessary for maximum 
hatchability. However the data from the present experiment are not entirely compati-
ble with those of Brewer and Edwards (1972), since the efficiency of incorporation of 
dietary biotin into yolk was much lower in the earlier study. Thus under the ad-libitum 
feeding conditions of those authors a dietary concentration of 280 gig/kg could be 
calculated to give the same yolk concentration (about 500 ng/g) as did the rationed 
basal diet containing 60 Mg available biotin/kg in the present study. The different 
husbandry systems are unlikely to have been responsible for such major differences, 
since measurements during the course of the present experiment on birds of the same 
strain fed ad libitum from 1 -d-old on the same diets as group A had a similar yolk biotin 
content (605 ng/g at 41 weeks). The dietary biotin requirements of breeders and the 
relationships between yolk biotin concentrations and hatchability are at present the 
subjects of a large-scale reassessment. 
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Abstract 1. Production of eggs or normal chicks was depressed when 
practical diets containing 168 g or 137 g of crude protein (CP)/kg were not 
supplemented with synthetic biotin. 
Overall egg production and hatchability of fertile eggs was signficantly 
(P < 0.05) higher with the diets containing 137 g CP/kg. 
Biotin requirement was higher with the diet containing 168 g CP/kg and 
was estimated to be about 100 pg of available biotin/kg, equivalent to a daily 
intake of 16 pg for food-restricted hens. 
Biotin concentrations in egg yolk and /hick plasma were related to 
maternal intake and increased with maternal age. The minimum yolk biotin 
concentration indicative of adequate maternal status was about 550 pg/g. 
Chicks from young hens fed insufficient biotin had the poorest biotin 
status at hatching and their growth potential and viability were reduced. 
INTRODUCTION 
Estimates of the biotin requirements of broiler breeder hens are not based on 
detailed studies under modern husbandry conditions. Thus Brewer and Edwards 
(1972) fed purified diets ad-libitum to investigate the relationships between dietary 
intake, yolk output, hatchability and production. They observed little effect of dietary 
biotin on egg production but a response in hatchability was maximal with a dietary 
content of 100 Mg/kg which resulted in a yolk biotin concentration of 200 ng/g. 
However, Whitehead (1984) has reported that yolk biotin contents were very much 
higher in food-restricted breeder hens which received diets of equivalent biotin 
content. 
The objects of the present study were to investigate on a relatively large scale the 
requirement of the broiler breeder hen for biotin, from the points of view of optimum 
breeding performance and the growth po tential and viability of the chicks, and to 
establish biochemical criteria of biotin adequacy. 
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Conventional husbandry procedures were used, including restriction of food 
during both rearing and laying. Birds were housed on deep litter; the type of floor is 
not thought to be a factor which influences biotin intake (Whitehead, 1984). Biotin 
requirements were studied at two inclusion rates of dietary protein since protein has 
been found to influence biotin metabolism and the expression of biotin deficiency in 
young birds (Whitehead and Bannister, 1981; Bannister et al., 1983). 
MATERIALS AND METHODS 
Birds and husbandry 
Ross I parent stock pullets (1300) and cockerels (300) obtained from a commer-
cial hatchery (Ross Breeders Ltd, Newbridge, Midlothian) at 1 d of age were housed in 
floor pens (72 m 2) covered with a deep litter of wood shavings. The sexes were reared 
separately in groups of 46 females or 37 males. At 21 weeks of age the birds were 
rearranged into 36 breeding pens, each containing 30 hens and 3 cockerels. Spare 
cockerels were kept in cages and were introduced into pens when necessary. 
Artificial lighting provided a day length of 23 h for the first two days. Thereafter 
day length was decreased to 8 h by 10 d of age and remained so until 18 weeks when it 
was stepped up by 30 min or 1 h per week to a maximum of 17 h at 30 weeks of age as 
recommended by the breeders. 
Treatments 
There were no experimental treatments during rearing. Birds were fed ad libitum 
for the first two weeks but thereafter a conventional food restriction programme was 
followed to give a mean live body weight of approximately 2 kg in 20-week-old pullets. 
The experimental laying diets were fed in the same restricted amounts from 20 weeks. 
The daily allowance of each was increased by stages from 115 g/bird at 23 weeks to 163 
gfbird at 28 weeks. From 30 to 40 weeks the allowance was 160 g/bird d; thereafter it 
was gradually decreased to 145 g/bird d at 60 weeks when the experiment ended. 
The two basal laying diets were formulated to contain on average 137 and 168 g 
crude protein (CP)/kg. They were based mainly on wheat and were calculated to 
contain similar amounts of total and available biotin on the basis of the data of Frigg 
(1976) and Whitehead et al. (1982). Each basal diets was supplemented with amounts 
of feedingstuff-grade D-biotin (Rovimix H2, Roche Products Ltd, Dunstable, Bedford-
shire) corrected for the manufacturer's safety margin to give supplemental levels of 30, 
70, 120, 170 and 270 gig/kg. Analyses of diets confirmed the similarities of the total 
biotin contents of the basal diets and the presence of the appropriate supplements. The 
compositions of the rearing and basal laying diets are given in Table 1. Each of the 12 
diets was fed to 3 pens of birds. 
Measurements 
Egg production was recorded daily and all eggs laid on two days each week were 
weighed individually. All suitable eggs laid after 26 weeks of age were set at weekly 
intervals for incubation. After 18 d eggs were candled and those found to be fertile 




Compositions (g/kg) of experimental diets 
Rearing diets Laying diets 
r 
Lower Higher Broiler 
Ingredients 0-6 weeks 6-20 weeks protein Protein grower 
Barley 285 
Maize 478 
Wheat 455 813 786 770 
Grass meal 50 40 
Herring meal 100 25 55 
Meat and bone meal 50 80 24 24 
Soyabean meal 40 27 420 
Maize oil 18 8 50 
Isolated soya protein 30 12 40 
DL-Methionine 1 1 3 
i.-Lysine 3 2 
Limestone flour 9 9 75 73 16 
Dicalcium phosphate 3 15 22 22 23 
Salt 2 3 3 3 . 	 4 
Mineral supplement' 3 3 25 25 25 
Vitamin supplement A 2 3 2'5 
Vitamin supplement B 3 25 25 25 
Analyses - 
(Determined) 
Crude protein (n x 6.25) 197 163 137 168 230 
Biotin (pg/kg) 4 215 80 74 78 197 
(Calculated) 
Available biotin (pg/kg) 145 29 30 35. 197 
Metabolisable energy (Mi/kg) 11-55 11-80 11-70 1170 1280 
25 g supplement contained copper 3'5 mg, iodide 0-4 mg, iron 80 mg, magnesium 300 mg, manganese 100 mg, 
zinc 50 mg. 
2 2'5 g supplement A contained retinol 600 jig, cholecalciferol 15 jig, a-tocopherol 17 mg, menaphthone 13 mg, 
riboflavin 4 mg, nicotinic acid 28 mg, pantothenic acid 10 mg, biotin 50 pg. 
25 g supplement B contained retinol 2000 jig, cholecalciferol 20 jig, a-tocopherol 17 mg, menaphthone 1'3 mg, 
riboflavin 4 mg, nicotinic acid 28 mg, pantothenic acid 10 mg. 
Values for the supplemented laying diets were 98, 153, 205, 255 and 356 pg/kg (lower protein) and 100, 136, 
180,264 and 350 pg/kg (higher protein) with supplements calculated to provide 30, 70, 100,170, and 270 Jig additional 
biotin/kg respectively. 
were transferred to the hatcher. At 21 d embryonic mortality was recorded and live 
chicks were graded into two categories: those which were thought to be saleable and 
those which were not thought to be commercially acceptable by virtue of appearance 
or apparent abnormality. All chicks hatching from eggs laid during weeks 30, 35,40, 
45, 50 and 55 were examined more rigorously for signs of abnormality. Only those 
lacking any visible physical abnormalities were accepted as normal; others were 
recorded under the various categories listed in Table 3. 
At 31 and 44 weeks pooled yolk samples were collected from 60 eggs/treatment. 
Pooled plasma samples were taken from 30 chicks/treatment hatched from eggs laid 
during these weeks. Pooled plasma samples were taken from 15 hens/treatment during 
week 31. 
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Chick viability experiments 
Progeny tests were carried out on chicks hatching from eggs laid during weeks 31 
and 44. In each experiment chicks were accommodated in 48 deep-litter pens (37 m 2), 
40 chicks of one sex per pen. Pens contained equal numbers of chicks from each 
maternal protein treatment with the same biotin supplement: each inclusion rate of 
biotin was thus represented by 4 pens of males and 4 of females. All chicks were fed a 
common broiler starter diet, formulated to be adequate in biotin (Table 1). They were 
weighed at 28 d of age. All birds which died were examined post mortem. 
Analysis 
Blood samples were collected by syringe using heparin as anticoagulant from the 
wing veins of hens and from chicks after decapitation. Plasma was stored at —20 °C 
prior to biotin assay. Assays of plasma and other samples were carried out by a 
microbiological method based on that of Wright and Skeggs (1944). 
Production data were analysed statistically after transformation to logits by: 
P 
Logit (P) = log. 100 - P 
where P is the performance characteristic as a percentage. In this scale the assumptions 
of normality, equal variances and additivity necessary for meaningful analyses of 
variance were more closely met (Williams, 1982). 
TABLE 2 
Egg and chick production between 26 and 60 weeks of age by broiler breeder hens fed diets of different protein content supplemented with 




Trait (g CP/kg) 
1 137 
Egg production per bird d 168 
L Mean 
137 
Mean egg weight (g) 168 
fMean 
137 
Fertility (fertile eggs/I00 set) 168 
fMean 









100 fertile eggs) 
Chick production (saleable2 
137
168 
fMean chicks/bird d) 
Maternal dietary biotin supplement Significance of 
- (zg/kg) treatment effect 
0 30 70 100 170 270 Mean Biotin Protein 
0599 0619 0597 0590 0614 0599 0603 NS 
0532 0577 0608 0579 0579 0591 0578 * 
0565 0598 0602 0584 0596 0595 t 
6325 6318 6333 6454 6303 6300 6339 NS 
6235 6325 6254 6329 6336 6344 6304 NS 	NS 
6280 6322 6293 6391 6320 6322 NS 
91•3 928 943 923 946 928 931 NS 
912 934 930 907 92'9 930 924 NS 	NS 
912 931 93.7 91•5 93.7 929 NS 
876 897 885 870 896 891 886 NS 
856 854 860 833 8641 861 855 NS 	° 
866 877 873 853 881 877 NS 
826 853 849 830 873 84'1 845 0 
781 808 819 796 816 808 805 0 
803 831 834 813 845 825 
0444 0483 0471 0450 0503 0464 0469 ° 
0375 0428 0460 0442 0435 0440 0430 
0409 0455 0466 0446 0469 0452 
'CP Crude protein (N X 6.25); NS Not significant (P > 0.1); t P < 01; ° P < 005; °° P < 001. 
2 See text. 




Data on the production of eggs and chicks by the hens are given in Table 2. Egg 
production was significantly (P < 0.05) greater in birds fed the diets containing less 
protein. There was an interaction between the effects of protein and biotin content: 
production with diets containing less protein was not influenced by dietary biotin 
content. However, for diets containing more protein, lack of supplemental biotin 
resulted in decreased production (P < 0.05). 
TABLE 3 
Fertility, hatchability and the occurrence of abnormalities in chicks hatchingfrom eggs laid during weeks 30, 35, 40,45, 50 and 55 weeks 
of age by broiler breeder heno fed diets of different  protein content supplemented with graded amounts of biotin 
Maternal Maternal dietary biotin supplement Significance of 
dietary (zg/kg) treatment effect 
protein u 
Trait (g CP/kg) 0 30 70 100 170 270 Mean Biotin Protein 
1 137 925 927 949 927 95'4 940 937 NS 
Fertility (fertile eggs/ 168 931 955 913 935 932 91'5 930 NS 	NS 
100 set) LMean 928 941 931 931 943 928 NS 
1 137 877 874 896 861 903 90•1 885 NS 
Hatchability (live chicks/ 168 820 84•8 860 840 846 855 845 NS 	* 
100 fertile eggs) LMean 848 861 878 851 875 87'8 NS 
• 1 	137 823 835 850 804 868 846 838 NS 
Hatchability (normal 168 713 793 8l9 778 776 802 780 * 	* 
chicks/ 	fertile eggs) LMean 768 814 834 791 822 824 * 
Incidence of abnormalities/ I 00 hatched chicks 
1 137 042 053 117 103 057 083 
Unhealed navels 168 055 065 051 039 092 066 
Mean 064 059 084 071 074 075 
137 0 013 014 0 0 007 
Ataxia 168 0 0 0 0 007 0 
1.Mean 0 007 007 0 004 004 
137 028 027 0 007 038 019 
Slipped tendon 168 037 014 0 015 017 014 
LMean 033 020 0 OIl 026 017 
137 133 073 124 096 076 117 
Other hock abnormalities 168 184 086 066 123 208 083 
LMean 158 080 095 110 142 100 
1 137 091 107 041 051 051 128 
Splayed legs 168 073 115 080 061 092 083 
LMean 082 111 060 056 071 106 
1 137 197 080 144 250 FOl 159 
Crooked toes 168 578 245 146 285 333 167 
LMean 388 163 145 268 217 163 
1 137 091 033 0 059 0 041 
Clubbed down 168 110 014 073 023 050 062 
LMean 100 024 036 041 025 052 
137 04 06 07 09 06 06 
Others 168 27 11 05 18 02 15 
LMean 16 09 06 14 04 II 
( 137 62 45 51 66 38 A. 
Total 168 131 65 47 7.3 82 62 
Mean 9.7 5.5 4.9 70 60 62 
CP Crude protein; NS Not significant; * P < 005. 
See text. 
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TABLE 4 
Biotin concentrations in egg yolk and chick and hen plasma of broiler breeder hens at different ages fed diets of djftèrent protein content 
supplemented with graded amounts of biotin 
Maternal Maternal dietary biotin supplement 
Age of 	dietary (zgfkg) 
hens protein Pooled 
Trait 	 (weeks) 	(g CP/kg) 0 	30 70 	100 170 270 SE 
Biotin in hen plasma (ng/ml) 	 137 186 	214 280 	310 365 365 
31
fMean 
168 128 237 317 283 320 354 
157 	226 299 	297 343 360 
1 	137 324 	444 577 707 665 699 
I 	31
fMean 
168 292 491 587 	694 681 803 12 
Biotin in egg yolk (ng/g) 
308 	468 582 701 673 751 
338 	470 593 	699 759 979 L 
 44 fM
137 
168 334 542 669 736 856 908 18 
ean  336 	506 631 	718 808 944 
1 	137 054 092 151 
31 	168 
fMean 
051 l39 383 
Biotin in chick plasma (ng/ml) 
053 116 2-67 
137 112 346 530 
1.. 44
fMean 
168 112 347 833 
112 3.47 682 
Values are single determinations on pooled plasma from IS hens or 30 chicks, or the means of duplicate determina-
tions on pooled yolk samples from 60 eggs from each dietary group. 
Fertility was relatively low with both basal diets but the effect was not significant 
(P> 0-1). Total hatchability of fertile eggs was depressed (P> 0.05) but the higher 
level of protein but was unaffected by dietary biotin. However, a higher proportion of 
abnormalities was observed among chicks from hens receiving the basal diets, with the 
result that hatchability in terms of commercially-acceptable chicks was significantly 
(P < 0.05) lower with both of these diets. When the actual numbers of saleable chicks 
produced during the experiment were considered, protein and biotin effects were 
pronounced and highly significant (P < 0.01). 
The results of the detailed examination of abnormalities occurring in chicks from 
six hatches are given in Table 3. They showed a lack of effect of diet on fertility and re-
flected the same effects on hatchability as were seen in the main body of data, that is, an 
effect of protein on hatchability (P < 005) and an effect of supplemental biotin on the 
hatch of normal chicks (P < 0.05). Sub-division into the major causes of abnormality 
showed that the basal diets resulted in higher incidences of leg and foot abnormalities, 
including malformations of the long bones and hock joint with occasional slippage of 
the tendon and bruising. The occurrence of clubbed down was also higher on the basal 
diets. 
The relationships between biotin in the diet and concentrations in egg yolk and 
hen and chick plasma are given in Table 4. Increasing dietary concentrations were 
associated with increases in yolk and plasma concentrations. Concentrations in yolk 
and chick plasma were consistently higher at all inclusion rates of dietary biotin when 
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TABLE 5 
Body weight and mortality up to 28 din progeny of broiler breeder hens at different ages fed diets supplemented with graded amounts of 
biotin 
Maternal dietary biotin supplement 
(jzg/kg) Significance 
Age of 	 I of biotin 
Trait 	 hens (weeks) 0 	30 	70 	100 	170 270 effect 
131 	793 819 	818 	830 	807 Body weight at 28 d (g) 826 
* 
1_44 845 	834 820 830 836 864 NS 
M 	U 	 531 	 34 30 	19 	22 	22 orta sty (/0) 
17 
1_44 28 	28 19 22 30 22 
Values are means for 4 pens of males and 4 of females. 
NS Not significant; * P < 005. 
hens were 44 weeks rather than 31 weeks. Consistent effects of maternal dietary 
protein intakes on plasma or yolk biotin concentrations were not apparent. 
The performance of progency from eggs laid by hens at 31 and 44 weeks of age is 
shown in Table 5. Body weight at 28 d was significantly (P = 0.05) depressed in 
progeny from the younger hens fed the basal diets compared with all other chicks and 
this group also suffered highest mortality. However there were no effects of maternal 
diet on these characteristics by the time the hens were 44 weeks old. Individual causes 
of mortality were very varied and not obviously associated with maternal diet. 
DISCUSSION 
The results of the experiments indicate that feeding diets made largely from 
conventional ingredients without biotin supplementation did not sustain optimal 
performance from parents or offspring. Thus the total output of commercially-accep-
table chicks was depressed on both basal diets. Contributory factors were a higher 
incidence of abnormalities in hatching chicks from hens on both basal diets, and 
depressed egg production on the higher protein diet. 
The more detailed examination of defects in chicks from selected hatches con-
firmed the adverse effect of the unsupplemented diets. The increase in abnormalities 
was attributable mainly to increases in leg abnormalities, such as bruised or twisted 
hocks, including on occasion slippage of the tendon and bent leg and toe bones. Similar 
abnormalities characteristic of chondrodystrohy are typical manifestations of mater-
nal biotin deficiency (Cravens et at., 1944). However, clubbed down, the incidence of 
which was also apparently increased, is not usually associated with biotin deficiency. 
The finding in the present experiment that effects of biotin inadequacy were 
more noticeable on egg production than on total hatchability is at variance with the 
observation (Brewer and Edwards, 1972; Bradley et at., 1976) that hatchability was a 
more sensitive index of biotin requirement in breeding birds. Morover, the decrease in 
egg production observed in the present study contrasts with the lack of response in egg 
production to biotin supplementation of similar diets, observed previously by White-
head (1980) in Leghorn-type hens. However, Leeson et at., (1 979a,b) have reported 
strain differences in vitamin requirements with a heavier strain being more susceptible 
to deficiency. 
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Interactions between dietary biotin and protein were not significant but the 
adverse effects of the basal diets were always greater with the higher concentration of 
dietary protein. This is consistent with observations in chicks that signs of biotin 
deficiency were more severe in birds fed high-protein diets (Whitehead and Bannister, 
1981). 
Dietary protein content per se had several effects on performance. Hatchability 
was depressed with the higher concentration of protein, an effect that has been 
observed previously (Patel and McGinnis, 1977; Pearson and Herron, 1981). The 
latter authors reported decreased hatchability when daily allowances of protein and 
energy were in the ratio of more than 15 g crude protein to 1 MJ apparent metabolisa-
ble energy, the proportion provided by the higher protein diet in the present study. 
Biotin concentrations in egg yolks and hen and chick plasmas showed magnitudes 
and direct relationships with dietary concentrations similar to those described recently 
(Whitehead, 1984). Thus yolk biotin concentrations were higher by a factor of 3 than 
those reported in broiler breeders by Brewer and Edwards (19 72) at the lower dietary 
levels. The effect of maternal age on yolk biotin reported by Whitehead (1984) was 
again observed. Thus over the whole range of dietary biotin concentrations yolk in 
eggs from hens at age 44 weeks than at 31 weeks. A simliar effect of age on biotin 
incorporation in the turkey's egg has been reported recently (Robel, 1983). The 
increased biotin concentration in the eggs of older broilers was reflected in the superior 
biotin status of the hatching chicks: those from older hens had twice the plasma biotin 
concentraf ion of chicks from younger hens. The greater egg size of the older parents 
may have contributed to this effect. 
The influence of the biotin status of the chick at hatching on its subsequent 
viability and growth potential was studied, and showed that chicks with the poorest 
status, those from young hens fed unsupplemented diets, had the lowest growth rate 
and highest mortality, even when reared on diets of adequate biotin content. Leg 
problems were not obvious, but bone characteristics were not examined in detail. 
However, Stock (198 1) observed increased incidences of chondrodystrophy and asso-
ciated leg weakness in growing chicks from hens fed insufficient biotin. In contrast, the 
improved biotin status of chicks from older hens fed unsupplemented diets in the 
present experiment meant that these chicks survived and grew as well as chicks from 
the supplemented hens. From the point of view of chick quality, it is therefore 
especially important to ensure that the diet of the young breeding hen is adequately 
fortified with biotin. 
The present studies have suggested that the biotin requirement of the broiler 
breeder can be influenced by dietary protein content. Although a dietary concentra-
tion of around 140 g/kg of crude protein (CP) is adequate for optimal reproduction 
(Bornstein et at., 1979; Pearson and Herron, 1981), commercial breeder diets frequent-
ly contain 160 g CP/kg or more. The justification for this, especially in view of the 
possible adverse effects on hatchability, is questionable, but at present conclusions on 
breeder biotin requirements should be based on the data obtained from the birds fed 
168 g CP/kg. On this basis, a consideration of the dose-response relationships for egg 
and chick production illustrated in the Figure, suggests that supplemental biotin 
concentrations of 50 to 60 Mg/kg are necessary for optimal production. When the 
probable available biotin content of the basal diet is taken into account, the minimum 
biotin requirement of the broiler breeder would appear to be of the order of 100 jtg/kg. 










50 	 100 
	
170 	 270 
Supplemental biotin lg/kgl 
Ftc—Dose response relationship between production of eggs (0)  and saleable chicks () by broiler breeder hens fed a 
diet containing 168 g crude protein/kg supplemented with graded levels of biotin. The curves were fitted by eye. 
This is similar to the value suggested by Brewer and Edwards (1972) and is equivalent 
to a daily intake of 16 jig of available biotin for hens whose food intake is restricted. 
This amount should also be sufficient to prevent impairment in the performance of 
chicks fed adequate amounts of biotin. The mimimum safe yolk biotin concentration 
indicative of adequate dietary supply for breeders is of the order of 550 jig/kg. Previous 
studies by Whitehead (1984) have shown that any biotin present in the litter makes 
little contribution to the biotin status of the hen. Thus the conclusions from the present 
study should be applicable to breeders housed in cages as well as on litter. 
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Role of avidin and other biotin-binding proteins in the deposition 
and distribution of biotin in chicken eggs 
Discovery of a new biotin-binding protein 
Harold B. WHITE 111*  and Cohn C. WHITEHEAD 
AFRC Poultry Research Centre, Roshin, Midlothian EH25 9PS, Scotland, U.K. 
In addition to the previously characterized egg-yolk biotin-binding protein (BBP-I), we have discovered 
another BBP (BBP-II).in the plasma and yolk from laying hens. BBP-I is stable to 65 °C, whereas BBP-II 
is stable to 45 °C. Both proteins are normally saturated with biotin and together they account for most, if 
not all, of the biotin in hen plasma and yolk, except in hens fed excessive amounts of biotin (> 1 mg of 
biotin/kg of feed). The maximal production of BBP-I is attained at lower levels of dietary biotin 
(- 50 sag/kg) than for BBP-11 (- 250 #g/kg); however, the maximal production of BBP-II is severalfold 
greater than for BBP-I. Consequently, as dietary biotin increases, the ratio of BBP-II to BBP-I increases 
and becomes constant at dietary intakes of biotin above 250 1ug/kg. The observation that the amounts of 
these proteins are limited by biotin in the normal dietary range (< 250 1ug/kg) suggests that biotin is required 
for the synthesis, secretion or stability of these proteins. Although both plasma vitamin—protein complexes 
are transported to the oocyte and concentrated in the yolk, BBP-II is transferred more efficiently. Thus biotin 
deposition in the yolk is a function of the amounts and relative concentrations of the two proteins. Dietary 
biotin above 250 #g/kg exceeds the transport capacity of BBP-I and BBP-II in the plasma; however, 
unbound biotin does not accumulate. Rather it is efficiently scavenged by avidin in the oviduct and 
transferred to the egg albumen. Only when avidin becomes saturated at high dietary intake does free or 
weakly bound biotin accumulate in plasma and yolk. The synthesis of avidin is independent of dietary biotin. 
Small amounts of BBPs with the heat-stability of avidin or BBP-I respectively are present in the plasma of 
adult males or immature chickens. BBP-II, the major BBP in the plasma and yolk of laying hens, was not 
detected in the plasma of non-laying chickens. 
INTRODUCTION 
1n 1927 Boas showed that there was a nutritional 
factor in egg yolk and other foods that was inactivated 
by a heat-labile component of egg albumen. Biotin, the 
nutritional factor, was first isolated and characterized 
from duck egg yolk (Kogel & Tönnis, 1936). Avidin, the 
antivitamin, was purified from egg albumen (Pennington 
et al., 1942) and shown to be an extraordinarily stable 
tetrameric protein whose affinity for biotin may well be 
the strongest non-covalent interaction between a protein 
and a small molecule (Green, 1975). György & Rose 
(1942) observed that biotin in egg yolk became 
dialysable on heating, but it was more than 30 years 
before a biotin-binding protein (BBP) was identified and 
purified from egg yolk (White et al., 1976; Meslar et al., 
1978; Murty & Adiga, 1984). Though similar in size and 
quaternary structure, BBP is distinct from avidin by a 
number of criteria. This protein is also present in the 
plasma of laying hens (Mandella et al., 1978) and is 
presumed to be deposited in the ovarian follicle along 
with other egg-yolk proteins (White, 1985). 
The original assay for yolk BBP was based on the 
equilibrium exchange of endogenous bound biotin and 
exogenous [14C]biotin at 65'C (Meslar & White, 1979). 
Although this assay is quite satisfactory for partially  
purified BBP, it was technically difficult to perform on 
yolk extracts, and the limits of detection were approached 
with plasma samples. Furthermore, the calculations for 
this assay included corrections for isotope dilution which 
assumed that the protein was initially saturated with 
unlabelled biotin and that no additional endogenous 
biotin was present. Recently a new and much more 
sensitive assay based on the exchange binding of 
[3H]biotin has been developed (White & McGahan, 
1986; H. B. White, T. McGahan & M. A. Letavic, 
unpublished work). The graphical analysis of this assay 
yields the amount of endogenous ligand (Lotter et al., 
1982). Although there are still some technical problems 
with this assay that cause underestimates of the amount 
of binding proteins, it is now possible to analyse BBP in 
samples not accessible with the previous assay. 
In the process of applying this new assay to yolk and 
plasma samples from lying hens that had been fed diets 
differing in their biotin content, we discovered that the 
endogenous biotin of content of yolk and plasma 
exceeded the BBP binding sites by severalfold. This was 
unexpected, because this excess biotin should have been 
dialysable. The paradox was resolved by the discovery-of 
a second BBP (BBP-II) that binds most, if not all, of the 
biotin not bound by the previously recognized BBP 
hereafter designated - iiiir-i . 
Abbreviation used: BBP, biotin-binding protein. 
* Present address and address for correspondence and reprint requests: Department of Chemistry, University of Delaware, Newark, 
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Table 1. Composition of experimental diets 
Vitamin/mineral supplements provided (per kg of diet): A: copper, 3.6 mg; iodide, 0.4 mg; iron, 80 mg; magnesium, 300 mg; 
manganese, 100 mg; zinc, 50 mg; retinol, 600 g; cholecalciferol, 15 aug; z-tocopherol, 17 mg; menadione, 1.3 mg; riboflavin, 
4 mg; nicotinic acid, 28 mg; panthothenic acid, 10 mg; B: as for A, plus cyanocobalamin, 25 1ag; folic acid, 0.5 mg; pyridoxine, 
4mg; thiamin, 2mg; C: as for A, plus biotin, 100 itg; choline chloride, 0.5g. 
Composition (g/kg) 
Biotin-deficient 
Laying diet 	laying diet 	Chick diet 
- 
- 50 
750 553 596 
- 80 30 
60 145 
30 - - 
25 105 
- 100 
- 48 - 
— 36 
20 - 40 
- 30 - 
- 36 - 
65 76 13 
22 30 12 
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In the present paper we document the presence of 
BBP-II and show that it is unstable under the conditions 
used for the assay of BBP-I. Furthermore we show that 
neither the, deposition of biotin in yolk nor the 
distribution of biotin between yolk and albumen is a 
simple function of dietary biotin or plasma biotin 
concentration. The patterns can be explained by the 
differential synthesis and differential transport of BBP-I 
and BBP-II. 
MATERIALS AND METHODS 
Experimental design 
ISA Brown hens (96 in all, housed in individual 
battery cages) were maintained on a standard laying diet 
for several weeks until a high rate of egg production was 
established. The diet, the composition of which is given 
in Table 1, was based on wheat and contained a 
relatively low amount of available biotin (- 28 mg/kg), 
but was nevertheless thought to be aequate in all 
nutrients for maximal egg production (Whitehead, 1980). 
Seven groups of 12 hens each were fed the standard diet 
supplemented with 0, 100, 250, 500, 1000, 2000 and 
4000 ug biotin/kg of feed. An eighth group was fed a 
biotin-deficient diet (Table I). This diet contained 
hen's-egg albumen as a source of avidin and was thought 
to be virtually devoid of available biotin. Daily egg 
productions and weekly feed consumptions were recorded. 
Plasma, yolk and albumen were collected weekly and 
analysed for biotin and biotin-binding proteins. 
In a second experiment, newly hatched chicks were 
sexed and then fed a diet (Table 1) containing about  
160 mg of available biotin/kg. Blood samples were taken 
from several chicks and pooled at various ages and 
analysed for BBPs. 
Sample preparation 
Plasma, yolk and albumen samples were obtained 
exactly as described by White et al. (1986) for similar 
studies on riboflavin, except that the 4-fold dilutions of 
egg yolk were made with 50 mm-sodium acetate, pH 5.5, 
containing 50 mm-NaC1. Samples were stored frozen at 
—20 °C until assayed for BBP. On the day of analysis, 
plasma samples were usually diluted 10-fold, yolk 
samples an additional 10-50-fold and albumen samples 
200-fold with the above buffer. Samples for biotin 
analysis were not diluted before freezing. 
Assays for BBP-I 
BBP-I was assayed by a radioligand-exchange pro-
cedure analogous to that described for assaying 
riboflavin-binding protein (Lotter et al., 1982). A series 
of tubes containing 0.1 1uCi of D-[8,9-3H(n)]biotin (lot 
2169-146, 35.0 Ci/mmol; New England Nuclear Corp., 
Boston, MA, U.S.A.) and 20-240 1u1 of diluted plasma or 
yolk in the above sodium acetate buffer (total volume 
1.0 ml) was incubated at 65 °C for 40 min to equilibrate 
free and BBP-I-bound biotin. These conditions denature 
BBP-II. The cooled incubation mixtures were quantita-
tively transferred to small phosphocellulose columns 
[0.25 ml bed volume in polypropylene pipette tips 
(Sarsted, no. 91-787)]. Uncomplexed biotin was eluted 
with two 1.0 ml buffer washes. BBP-I-bound biotin was 
then eluted directly into scintillation vials by washing the 
columns with 4 x 0.25 ml of the sodium acetate buffer 
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containing 2 M-NaCI. A portion (10 ml) of scintillation-
counting fluid (Opti Phase 'X', Amersham International) 
was added and the amount of radioactivity determined 
in a liquid-scintillation counter. Non-specific binding was 
determined in the presence of 500-fold excess of 
unlabelled biotin, and an avidin solution was used to 
determine total bindable radioactivity. Data were 
plotted according to the following linear equation (White 
& McGahan, 1986) (the slope and intercepts were 
determined by linear-regression analysis): 
*LT 	1 *L.FL 
*LB - [PT] V 	T 
If *LT/*L B, the ratio of total to bound radioactive 
ligand is plotted as a function of *LT . F! V, where F and 
V are the dilution factor and volume of the diluted 
sample used in the assay; the y-intercept, L T/PT , is the 
ratio of endogenous biotin to biotin-binding sites, and 
the reciprocal of the slope, [P T], is the concentration of 
binding protein in the undiluted sample. 
Assays for BBP-II 
An assay that directly measures BBP-II in the presence 
of BBP-I has not been developed. Two procedures have 
been used to estimate BBP-II activity. The first method 
was exactly like that described for BBP-I except that the 
incubation temperature was 45 °C instead of 65 °C. The 
choice of temperatures was based on the thermal-stability 
profiles presented in Figs. 5 and 6 (below). The difference 
between the results from the 45 °C and 65 °C assays was 
attributed to BBP-II, but this approximation is in error 
to the extent that BBP-I does not achieve equilibrium 
exchange at 45 °C. Alternatively BBP-II activity has been 
estimated from the BBP-I assays by assuming that BBP-II 
is saturated with biotin and all endogenous biotin in 
excess of BBP-I was bound to BBP-II. Although both of 
these assays are qualitatively reliable, the values 
obtained are systematically low compared with the 
values expected from bioassay for biotin. 
Assays for avidin 
Avidin was measured in albumen Or plasma exactly as 
for BBP-I, except the incubation was at 85 °C, a 
temperature that destroys BBP-I and BBP-H.. Unoccu-
pied biotin-binding sites were determined at room 
temperature, where exchange does not occur. 
Biotin analyses 
Undiluted yolk, plasma and albumen samples were 
frozen and sent with feed samples to F. Hoffmann—
LaRoche, Basel, Switzerland, where they were assayed 
for biotin 'by using Lactobacillus plantarum as described 
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Fig. I. Effect of dietary biotin on the concentration of biotin the 
plasma of laying hens 
Open circles (0)  are the control values for the treatment 
groups immediately before the experimental diets were 
begun. The dotted line represents the average of these 
control values (33.9±1.99 4ug/1). Closed circles ( ) 
represent the average±s.D. for samples taken after 1, 2, 
and 5 weeks on the experimental diets. The right-hand 
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Fig. 2. Effect of dietary biotin on the concentration of biotin in 
chicken egg yolk 
Open circles (0) represent control values for yolk samples 
from the treatment group immediately before the 
experimental diets were begun. The dotted line represents 
the average of these control values (343.1 ± 48.3 1ug/kg). 
The divided circles ((D)  represent the average for duplicate 
yolk samples after the birds had been 1 week on the 
experimental diets. Closed circles () represent the 
mean ± S.D. for duplicate samples taken after the birds had 
been 2 and 5 weeks on the experimental diet. The 










Biotin content of diets 
The diets were formulated to contain 30, 100, 250, 500, 
1000, 2000, and 4000 g of biotin/kg. The analyses of 
these diets showed respectively 93, 165, 332, 622, 1054, 
1831 and 3540g total biotin/kg. The data plotted in 
the Figures correspond to available biotin which is about 
65 1ug/kg less than the measured values. This correction 
isjustified by the.fact.that over 95% of the biotiñ in wheat 
is not available (Frigg, 1976; Whitehead et al., 1982). 
Biotin content of plasma, yolk and albumen as a 
function of dietary biotin 
Figs. 1-3 show respectively the biotin levels in plasma, 
yolk and albumen before and after 1, 2 and 5 weeks on 
the experimental diets. Steady-state levels were achieved 
within 1 week in plasma and albumen and by 2 weeks in 
yolk. With rcspcct to dietary  blotin, the accumulation of 
biotin in plasma, yolk and albumen can be considered in 
three phases. In the normal range of dietary biotin 
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0 	 1.0 	 2.0 	 3.0 
Biotin (mg/kg of feed) 
Fig. 3. Effect of dietary biotin on the amount of biotin in chicken 
egg albumen 
Open circles (0)  represent the control values for the 
treatment groups immediately before the experimental 
diets were begun. The dotted line represents the average of 
these control values (26.4± 6.7 1ug/kg). Closed circles () 
represent the average ± S.D. for duplicate samples taken 
after the birds had been 1, 2 and 5 weeks on the 
experimental diets. The right-hand scale is based on a 
recovered albumen weight of 36.6 g/egg. 
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20 	40 	60 	80 	100 
Biotin (Mg/litre of plasma) 
Fig. 4. Concentration of biotin in the yolk () and albumen (0) 
of chicken eggs as a function of the concentration of 
biotin in the plasma of the laying hen.. 
Each point represents the average of four to six biotin 
determinations made on plasma, yolk and albumen 
samples. Note the vertical scale is 25 times that of the 
horizontal scale. 
between dietary biotin and the biotin content of plasma 
and yolk, whereas the biotin content of albumen is rather 
low. Between 250 and 1000 #g/kg there is a plateau in the 
biotin contents of plasma and yolk and a large increase 
in the biotin content of albumen. Above 1000 1ug of 
biotin/kg there is a further gradual increase in biotin in 
all three compartments. Considering the range from 30 
to 3475 1ug/kg, an increase of over 100-fold in dietary 
biotin, there is a 2.5-fold increase in plasma biotin, a 
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6.8-fold increase in yolk biotin and a 44.5-fold increase 
in albumen biotin. Hens fed the biotin-deficient diets for 
6 weeks continued to lay eggs. The plasma and yolk 
concentrations of biotin from these birds were 4.05 g/1 
and 13.0 ,ug/kg respectively. The biotin content of 
albumen was below the detection limits of the assay. 
These responses are broadly in agreement with the 
observations of Frigg et al. (1984). 
Biotin content of yolk and albumen as a function of 
plasma biotin 
The plasma distributes absorbed dietary biotin to the 
various tissues of the body, and thus biotin in the plasma 
is an intermediate between ingested biotin and biotin 
deposited in the yolk and albumen of eggs. Fig. 4 shows 
that biotin deposition in yolk and albumen is not a 
simple function of plasma biotin concentration. Although 
biotin is concentrated in yolk relative to plasma over the 
entire range of experimental conditions, the efficiency of 
transfer is greatly reduced when plasma biotin concentra-
tions are below 20 4ag/l. The yolk-to-plasma concentra-
tion ratio in this region is less than 10: 1, whereas the 
incremental increase above this region is near 35: 1. The 
relationship between biotin in albumen and plasma 
shows an even more dramatic discontinuity. Below 
64 #g/l, very little biotin is deposited in albumen. A 
slight increase in plasma biotin above this level results in 
very large increases in the deposition of biotin in 
albumen. 
BBP-I and BBP-II content of plasma and yolk 
Fig. 5 shows that hens transferred from a diet 
containing 30 1ag of biotin/kg of feed to one containing 
987 1ug/kg increase the production of a heat-labile BBP 
appearing in both the plasma and yolk. The data in Fig. 
5 are not corrected for isotope dilution. If such a 
correction were made, there would be little difference in 
the total biotin binding above 60 °C, whereas difference 
in biotin-binding near 45 °C would be accentuated. 
The kinetics of biotin exchange at 45 and 65 °C in the 
same yolk samples are shown in Fig. 6. Again, the 
increase in the amount of heat-labile BBP-II is evident in 
the samples from hens fed high-biotin diets. There is very 
little difference in the amount of BBP-I in these two 
samples. 
Similar analyses conducted at 45 and 65 °C on yolk 
samples from hens fed a wide range of dietary biotin (Fig. 
7) show that maximal production of BBP-I occurs on 
diets containing 50 ug or more of biotin per kg of feed, 
whereas maximal production of BBP-II occurs with 
higher levels of dietary biotin (>250 ag/kg). The 
slightly lower amounts of BBP-I at higher dietary biotin 
levels are not considered signficant at this time because 
the large amounts of endogenous biotin render the BBP-I 
assay less accurate in this region. 
Fig. 8 shows that there is an 8-10-fold excess of 
endogenous biotin over BBP-I in yolk from hens fed very 
high levels of biotin. The mean ± S.D. of this ratio for 20 
assays performed on yolk samples from pre-experimental 
control hens maintained on 30 1ag of biotin/kg of diet is 
1.64 ± 0.20. If one assumes that the excess biotin in the 
samples is due to BBP-H bound biotin, the ratio of BBP-H 
to BBP-I increases from 0.64 at 30 ag of biotin/kg to 5 
at 500 1ag/kg. The biotin content of yolk is included in 
Fig. 8 as a reference to show that the data obtained by 
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Fig. 5. Concentration of a heat-labile BBP increases in the plasma and egg yolk from hens fed diets with high concentrations of biotin 
The equivalent of 10 pl of plasma and 1 pl of yolk from hens fed 28 pg of biotin/kg of feed () were incubated for 30 mm 
in the presence of [3H]biotin, and the bound [3H]biotin determined. Similar samples from the same birds were analysed after 
they had been maintained for 3 weeks on the standard diet supplemented to 987 1ag of biotin/kg (0).  The amount of 
endogenous biotin, and thus the isotope dilution, in these samples is greater than those from the samples from hens on the 
low-biotin diet. 
obtained by isotope-exchange assays of the binding 
protein. Assays at 45 °C show that BBP-II is saturated 
with biotin even in yolk samples obtained from hens fed 
a biotin-deficient diet for 5 weeks. 
Content and fractional saturation of avidin in albumen 
Table 2 shows that the concentration of avidin in 











0 	 20 	 40 	 60 
Period of incubation (mm) 
Fig. 6. Kinetics of biotin exchange at 45 °C (0, L) and 65 °C 
( , A) show the accumulation of a heat-labile 
biotin-binding protein in egg yolks from hens fed a diet 
with 30 pg of biotin/kg of feed (0, •) and then fed a 
diet with 1000 pg/kg for 3 weeks (, A) 
saturation is strongly dependent on dietary biotin. 
Avidin is over 90% saturated with biotin when dietary 
biotin exceeds about 1500 pg/kg. 
BBPs in the plasma of immature and adult chickens of 
both sexes 
As noted in the Methods and materials section, the 
amounts of the various binding proteins cannot be 
measured with high accuracy when they are present in 
mixtures. Table 3 presents the analysis of BBP-I, BBP-II 
and avidin in the plasma of immature and adult male and 
female chickens. The identification is based on heat-
stability. BBP-I is present in the plasma of immature 
chickens of both sexes at concentrations about one-tenth 
that found in laying hens. BBP-II was detected only in 




0 	 1.0 	 2.0 	 3.0 
.Biotin (mg/kq of feed) 
Fig. 7. Concentration of biotin-binding sites in chicken egg yolk 
determined by radioligand exchange at 45 °C (0) and. 
65 °C ( ) as a function of dietary biotin 
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0 	1.0 	1 	 2.0 	3.0 
Biotin (mg/kg of feed) 
Fig. 8. Estimation of the ratio of endogenous biotin to 8BP-1 
binding sites in yolk as a function of dietary biotin 
The dotted reference line is the microbiologically deter-
mined endogenous biotin content of the same samples 
from Fig. 2 scaled to coincide with the data points. 
significant amounts only in the plasma of adult males. In 
all samples, the amount of biotin equals or exceeds the 
available binding sites. 
DISCUSSION 
Discovery of BBP-11 
As originally designed, there were two objectives in the 
present study. The first was to determine if biotin 
transport to the yolk was limited by BBP. The other was 
to determine if apo-1313P could be generated in vivo and 
be transported to yolk. At the time, only one BBP was 
known from yolk and it was stable at 65 °C. Our initial 
results at 65 °C (Fig. 8) with a new assay based on 
[3H]biotin exchange produced the expected saturation 
profile, but unexpectedly revealed severalfold more 
biotin in yolk than biotin-binding sites. This paradox was 
resolved when a second, more abundant but heat-labile, 
BBP (BBP-II) was discovered. The discovery of BBP-II 
seems to be dependent in part on the new assay, which 
uses [3H]biotin of high specific radioactivity and permits 
a 100-fold higher dilution of samples (L. Bush & 
H B. White III, unpublished work). [14C]Biotin-based 
analyses of egg yolk which should have contained BBP-II 
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Table 3. Estimation of the amounts of various biotin-binding 
proteins in the plasma of immature and adult chickens 
Values are expressed as the concentration of biotin-binding 
sites as determined by radioligand exchange assays for 
40 min at 45 °C for BBP-II, 65 °C for BBP-I and 85 °C for 
avidin. 
Concn. (nM) 
Age 	 Sex 	BBP-II 	BBP-I 	Avidin 
1 day Male <0.6 1.8 < 1.0 
Female <0.5 2.3 < 1.5 
2 weeks Male < 1.0 2.6 < 1.3 
3 weeks Female <0.5 - 	1.5 <0.5 
6 weeks Female <0.8 - 3.0 <0.8 
8 weeks Male < 1.0 4.2 <0.9 
9 weeks Female <0.8 2.7 <0.7 
11 weeks Male <0.6 - 2.3 < 1.2 
Adult Female 40-120 25-40 n .d.* 
Male -0 <2.9 10.5 
* n.d., not determined. 
1976; Kulomaa et al., 1981). Furthermore, the earlier 
assay procedure had not been developed so that the 
presence of excess endogenous biotin could be detected. 
Although quantification of the amounts of BBP-I and 
BBP-II in mixtures is imprecise, the general patterns that 
have emerged are clear, as discussed below. 
Relationship of plasma biotin to yolk biotin 
The deposition of biotin in yolk is not the linear or 
saturable function of biotin in the plasma that would be 
expected for a simple receptor-mediated or diffusional 
process. Rather, biotin at low concentrations in plasma 
is transferred to yolk less efficiently than it is at higher 
concentrations (Fig. 4). This pattern can be qualitatively 
explained by the presence of two BBPs whose production 
is differentially dependent on dietary biotin and whose 
efficiencies of transfer to yolk are different. 
The plasma concentration of BBP-I is rather constant 
in laying hens unless dietary biotin is severely restricted, 
in which case the concentration of BBP-I is lower. The 
fact that BBP-I remains saturated with biotin even in 
biotin-deficient hens (Fig. 8) indicates that the synthesis, 
secretion or stability of this protein is dependent on 
biotin. The pattern for the production of BBP-II is 
similar, except that a greater response is observed and the 
response saturates at higher dietary biotin. Thus over the 
Table 2. Biotin-binding capacity and biotin saturation of avidin in albumen from hens fed different amounts of biotin 
Dietary biotin (ag/kg) 
Biotin-binding capacity* 





Biotin saturation (%) 
(average for weeks 1 and 2) 
28 100 257 557 987 1766 3475 
5.37 7.52 5.34 5.78 5.68 5.25 5.15 
- 6.49 7.60 5.49 6.15 4.64 4.39 
- 7.23 5.64 5.53 6.60 4.74 4.88 
4.66 5.17 4.80 3.86 5.11 4.17 4.31 
6.3 22.3 54.3 70.1 81.5 94.4 97.2 
Values reported have been corrected for losses due to avidin binding to surfaces at the high dilutions used in the [3H]biotin-based 
assay 
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normal dietary .biotin range the production of BBP-II 
relative to BBP-I increases from less than I at 30 1ug of 
biotin/kg of feed to perhaps greater than 5 at 250 4ug/kg. 
The concentration ratio of BBP-II to BBP-I in yolk is 
greater than in plasma, indicating that BBP-II is 
deposited more efficiently in the yolk than is BBP-I. 
We conclude that normal biotin deposition in egg is 
dependent on, and stoichiometric with, BBPs, as 
previously asserted (White, 1985). However, at very high 
dietary biotin levels there is increased biotin deposition 
in yolk in the absence of increased production of BBP. 
This additional biotin behaves as free biotin in our assay. 
The unexpectedly high efficiency with which this 'free' 
biotin is transferred from plasma to yolk suggests that it 
may in fact be bound weakly to a second site on BBP-II 
or be associated with lipids (Trager, 1948). 
Dietary biotin absorbed in excess of that necessary to 
saturate BBP-I and BBP-II at maximal production 
should appear asfree biotin; however, as indicated above, 
'free' biotin is not detected in plasma or yolk until 
dietary biotin is considerably increased. This excess 
biotin in the plasma is scavenged very efficiently by 
avidin in the oviduct. Only when avidin becomes 
saturated are there significant increasesin free biotin in 
plasma and yolk (Figs. 1 and 2). 
Regulation of the production of BBP-I and BBP-ll 
The - synthesis of both BBP-I and BBP-II is stimulated 
during egg laying. This implies that the gene (or genes) 
for these two proteins is (are) induced by oestrogen, as 
has been suggested by Murty & Adiga (1985). The 
observation that the production of BBP-I and BBP-II 
was also dependent on biotin availability was unexpected. 
Thus both sex hormones and a specificligand regulate 
the production of both proteins. The mechanism of the 
biotin effect is not known. Although transcriptional 
regulation is possible, a translational regulation can be 
envisaged in which ligand binding to the nascent protein 
must occur before termination or secretion. A less 
efficient biotin-dependent mechanism could depend on 
the instability of the apoprotein. 
Mechanism of biotin deposition in the oocyte 
Ultrastructural studies show that yolk deposition 
occurs via a very active clathrin-mediated endocytosis 
(Perry et al., 1978, 1984; Griffin et al., 1984). The 
deposition of specific proteins such as vitellogenin and 
low-density lipoproteins has been shown to be receptor-
mediated (Woods & Roth, 1984; Krummins & Roth, 
1981). Despite the presence of these receptors, the 
concentration of these proteins in yolk is only about six 
times greater than in plasma. Cholecalciferol is concen-
trated by this same factor and is thought to be deposited 
as a complex of its binding protein and the phosvitin 
moiety of vitellogenin (Fraser& Emtage, 1976). Similarly 
riboflavin is concentrated 6-fold in yolk (White et al., 
1976), yet no receptor has been detected for its binding 
protein (Benore-Parsons, 1986). Other plasma-derived 
yolk proteins, such as immunoglobulins, serum albumin 
and transferrin, are not concentrated in yolk (Schjeide 
et al., 1976), even though receptors for immunoglobins 
have been reported. 
Biotin is concentrated by more than 20-fold in yolk 
relative to plasma. This ratio varies from about 3 when 
chickens are fed biotin-deficient diets to almost 30 when 
diets of high protein content are fed. In comparison with  
other yolk-to-plasma concentration ratios, these values 
are quite high and suggest that a specific receptor-
mediated transport system exists for BBP-II and perhaps 
BBP-I as well. 
Transfer of biotin-binding proteins from yolk to chick 
plasma 
Several yolk proteins are transferred to the plasma of 
the embryo. For instance, the immunity of the hen is 
transferred to the chick via immunoglobulins deposited 
in yolk (Loecken & Roth, 1983). Similarly, maternal 
serum transferrin, in pigeons at least, appears in the chick 
plasma (Frelinger, 1971). The presence of BBP-I in the 
plasma of newly hatched chicks (Table 3) suggests that 
there may be transfer of BBP-I from the yolk. Although 
this possibility cannot be ruled out, the fact that the 
concentration of BBP-I remains fairly constant during 
the rapid growth of a chick implies that most, if not all, 
BBP-I in older chicks at least is synthesized by the chick 
and not derived from the yolk. The apparent absence of 
BBP-II in chick plasma precludes significant yolk-to-
plasma transfer. 
Relationship of BBP-I to BBP-II 
Although it is clear that yolk BBPs are distinct from 
egg-white avidin (Meslar et al., 1978; Murthy & Adiga, 
1984), the structural and genetic relationships between 
BBP-I and BBP-II are yet to be determined. The fact that 
their concentrations show different dependences on 
dietary biotin, that their distribution differs between hen 
and chick plasma, and that their distributions between 
soluble and particulate fractions of diluted egg yolk differ 
(results not shown) suggest that two different gene 
products are present. However, they could be differently 
modified products of the same gene. Furthermore, there 
is the possibility that both are tetrameric isoproteins 
which can generate hybrid intermediate forms that 
associate with a receptor or other proteins with different 
affinities. . 
Whatever the structural and genetic relationships are 
between BBP-I and BBP-II, there seems to be a 
functional differentiation of the two proteins. BBP-I is 
present in the plasma of immature chickens. Despite its 
increased concentration in the plasma of laying hens 
relative to chick plasma, it is transferred to yolk less 
efficiently than is BBP-II. BBP-II, on the other hand, is 
detected only in the plasma of laying hens and.. is 
normally present at higher concentrations than BBP-I. 
These patterns suggest that BBP-I has primarily a 
maintenance function and secondarily it serves to 
transport biotin to yolk. The primary and perhaps sole 
function of BBP-II seems to be the transport of biotin to 
the yolk: 
Function of avidin 
Avidin has been viewed as one of the many 
antimicrobial proteins of egg albumen (Tranter & Board, 
1982). This view is further supported by the induction of 
avidin synthesis at the site oftissue injury in chickens 
(Elo &. Korpela, 1984). The absence of significant 
amounts of biotin in egg albumen suggest that avidin has 
little role in the biotin nutrition of the embryo. Our 
results are consistent with a non-nutritive role for avidin 
and show that biotin deposition in albumen occurs only 
when chickens are fed on diets that have biotin contents 
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a saturated BBP with the stability of avidin in the plasma 
of adult males (Table 1), confirming the earlier 
observations of Elo et a! (1979). Perhaps avidin does 
have a role in biotin metabolism in cockerels. 
Comparison of biotin and riboflavin transport to the 
chicken egg yolk 
Parallel studies on the binding-protein-mediated 
deposition of riboflavin to the oocyte (White etal., 1986) 
show a different and much simpler pattern than 
described here for biotin. Riboflavin availability does not 
regulate the production of riboflavin-binding protein. 
Apoprotin is produced and deposited in yolk. From this 
sample of two vitamins, it is clear that generalizations 
about the mechanism of protein-mediated vitamin 
transport to the oocyte may be hard to find. 
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Relationship of Biotin Deposition in Turkey Eggs to Dietary 
Biotin and Biotin-Binding Proteins 
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ABSTRACT The biotin and biotin-binding protein contents of egg yolk, egg albumen, and hen plasma 
were determined on eight groups of four turkey hens each that had been fed diets ranging from less than 
10 to 3.475 g available biotin per kilogram. Biotin deposition in the yolk was strongly dependent upon 
available dietary hiotin below 100 sg/kg. Between 100 and 1.000 sg/kg the amount of biotin deposited in 
the yolk increased slightly and was directly related to and limited by a biotin-binding protein that transferred 
biotin from the plasma to the yolk. Over the entire dietary range, biotin deposition in yolk was proportional 
to the total biotin concentration in the plasma. In contrast, biotin deposition in the albumen, which was 
proportional to dietary biotin, increased several-fold over a very narrow range of plasma biotin concentration 
(56 to 62 isglL). When dietary available biotin exceeded 160 p.g/kg. there was more biotin deposited in 
the albumen than in the yolk. Although the concentration of unbound biotin in plasma is low, it appears 
to be the component of plasma biotin that is rapidly scavenged by avidin in the oviduct. It seems likely 
that avidin-bound biotin is available to the turkey embryo. 
(Key words: biotin, biotin-binding protein. avidin, egg. turkey) 
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INTRODUCTION 
The biotin content of chicken eggs is depen-
dent on two factors: dietary biotin intake of the 
laying hen (Couch et al., 1949; Brewer and 
Edwards, 1972; Frigg ci al., 1984; White and 
Whitehead, 1987) and the production of biotin-
binding, proteins (White and Hughes, 1981; 
White and Whitehead, 1987). When fed diets 
that are not excessive in biotin, about 90% of 
the biotin in eggs produced is in the yolk. In 
eggs produced under similar circumstances, av-
idin, the well known biotin-binding protein of 
egg albumen (Green, 1975), contains little 
bound biotin whereas egg yolk biotin-binding 
protein (BBP) is normally saturated with biotin 
(White etal., 1976; Meslar etal., 1978; White, 
1985). It has been presumed that avidin plays 
a protective role by scavenging biotin and 
thereby inhibiting the growth of certain microbes 
(Tranter and Board, 1982). The BBP serves a 
nutritional role by transporting biotin from the 
plasma to the yolk of the oocyte for later use 
by the developing chick embryo (White, 1985). 
Since BBP is normally saturated with biotin and 
'Address reprint requests to this author at Department 
of Chemistry and Biochemistry, University of Delaware, 
Newark, DE 19716. 
2 Now AFRC Institute for Grassland and Animal Produc-
tion, Poultry Division. Address as given.  
is deposited in yolk as a stoichiometric vitamin-
protein complex, the amount of this protein 
would set a limit to the amount of biotin de-
posited in the absence of other pathways of 
biotin deposition. Presumably the amount of 
BBP produced has been optimized through nat-
ural selection to satisfy the biotin needs of the 
chick embryo (White and Hughes, 1981). 
Although turkeys have a higher requirement 
than chickens for biotin (Scott, 1981), the fact 
that turkey egg yolk generally contains less 
biotin than chicken egg yolk suggests the turkey 
embryo has a lower biotin requirement. How-
ever, preliminary experiments by Robel (1985) 
indicate that hatchability of turkey eggs can be 
improved by injection of biotin into the albu-
men. This observation may be related to the fact 
that turkey eggs contain the lowest amount of 
BBP and the highest amount of avidin of a vari-
ety of oviparous vertibrates' eggs examined 
(Korpela et al., 1981; White, 1985). It also 
suggests that significant amounts of biotin may 
be bound to avidin and in turn be available to 
the turkey embryo. An understanding of biotin 
metabolism throughout the life cycle is impor-
tant for establishing optimal management prac-
tices. 
We studied the effect of dietary biotin levels 
on the interrelationships of biotin and biotin-
binding protein in egg yolk, egg albumen, and 
1236 
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hen plasma in turkeys. The objective was to 
determine the extent to which biotin binding 
proteins limit the deposition of biotin in the egg 
and to determine whether significant amounts 
of biotin were deposited in egg albumen. 
MATERIALS AND METHODS 
Experimental Design. Basic protocols for 
these experiments were similar to those used on 
chickens for the study of riboflavin and biotin 
deposition in eggs (White et al., 1986; White 
and Whitehead, 1987). Thirty-two British 
United strain 71 turkey hens were reared on 
conventional diets. At 24 wk of age they were 
placed in individual battery cages in a con-
trolled-environment house and the photoperiod 
was increased from 7 to 15 h light per 24 h. 
Groups of four hens were allocated to each of 
eight experimental diets. Seven groups were fed 
a standard diet of low available biotin content 
(White and Whitehead, 1987) supplemented 
with graded levels of biotin. The amounts of 
biotin in these diets was determined, and avail-
able biotin was estimated to be 28, 100, 257, 
557, 989, 1,766 and 3,475 i.g/kg (White and 
Whitehead, 1987). The semipurified diet con-
taining dried hen egg albumen as a source of 
avidin fed to the eighth group was thought to 
be virtually devoid of available biotin (<10 jig! 
kg) (White and Whitehead, 1987). 
Daily egg production was recorded. Plasma, 
yolk, and albumen samples were collected 
weekly for 6 wk from 28 wk of age and analyzed 
for biotin and biotin-binding proteins. 
Sample Preparation and Analysis. Plasma, 
yolk, and albumen samples were obtained as 
described by White et al. (1986). Biotin-binding 
proteins were assayed by a radioligand-binding 
method that estimates both the amount of biotin-
binding protein and the amount of endogenous 
biotin (White and McGahan, 1986; White and 
Whitehead, 1987). 
Briefly, diluted samples were incubated with 
3H-biotin until the added radiolabeled biotin had 
equilibrated with the free and bound pools of 
endogenous biotin. Protein-bound biotin was 
then separated by phophoce1lulose ion-ex-
change chromatography and eluted into scintil-
lation vials. Bound radioactivity was measured 
in a liquid scintillation counter. Data from the 
radioligand exchange assays were plotted ac-
cording to the following linear equation (White 
and McGahan, 1986): *L.r/*L = LPT]_L*Lt.F/ 
V + LT/PT, where *L.I.!*LB , the ratio of total  
to bound radioactive ligand (biotin) in a reaction 
mixture, is plotted vs. the product of total 
radioactive biotin (*LT) and the dilution factor 
(F) divided by the volume of sample (V) used 
in the reaction mixture. The y-intercept (L r/PT ) 
yields the ratio of endogenous biotin to biotin-
binding sites. The reciprocal of the slope is the 
concentration of biotin-binding sites, and the 
x-intercept is the negative of the yolk biotin 
concentration (*L r.F/V = -[L1-]). Slopes and 
intercepts were determined by linear regression 
analysis. 
In contrast to findings in chicken egg yolk, 
only one form of BBP was detectable in turkey 
egg yolk; therefore, all incubations to equilibrate 
free and bound ligand were conducted only at 
65 C. Avidin assays were incubated at room 
temperature and 85 C to measure the proportion 
of free and bound sites. At the high sample 
dilution used in these assays, turkey avidin ap-
pears to dissociate or bind tightly to surfaces. 
Thus, the data from these analyses are qualita-
tive. 
Biotin analyses on plasma, yolk, and albu-
men samples were performed by F. Hoffmann-
LaRoche & Co., Basle, using the procedure de-
scribed by Frigg and Brubacher (1976). Repro-
ducibility in this bioassay is quite good, and an 
error limit of ± 10% is accepted. 
RESULTS 
Egg Production. Hens in all groups com-
menced egg laying approximately 3 wk after 
caging. Egg production up to 34 wk is shown 
in Table I. Production by the group fed the diet 
containing less than 10 xg available biotin/kg 
was significantly (P<.05) lower than the com-
bined mean for all the other groups. 
Biotin Content of Yolk and Albumen, as a 
Function of Dietary Biotin and Plasma Biotin. 
The biotin content of turkey egg yolk is very 
dependent upon dietary biotin below 100 jig 
available biotin/kg feed (Figure 1). Between 100 
and 1,000 jig/kg there is a plateau region (-10 
jig biotin/yolk) in which there is a small increase 
in biotin deposition. In the region of excess di-
etary biotin between 1,000 and 3,500 jig/kg 
there is a further twofold increase in yolk biotin. 
In contrast to findings in yolk biotin, the 
amount of biotin deposited in the albumen was 
more or less proportional to dietary biotin over 
the entire range of dietary biotin (Figure 2). The 
amount of biotin in the albumen exceeded that 
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FIG. I. Biotin content of turkey egg yolk as a function 
of dietary available biotin after 6 wk on experimental diets. 
The right hand scale assumes an average yolk weight of 20g. 
in the yolk when available dietary biotin was 
above 160 p.g/kg. 
As the plasma serves to distribute assimilated 
biotin to the ovary where yolk is deposited and 
to the oviduct where albumen is synthesized, 
the deposition of biotin in yolk and albumen 
should be related to plasma biotin concentra-
tions. Figure 3 shows that the depositional pro-
cesses are strikingly different. Biotin deposited 
in the yolk is directly proportional to plasma 
biotin concentrations. Biotin in yolk is concen-
trated about 12-fold compared with concentra-
tions of biotin in plasma. Biotin deposition in 
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FIG. 2. Biotin content of turkey egg albumen as a func-
tion of dietary available biotin after 6 wk on experimental 
diets. The right hand scale assumes an average albumen 
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FIG. 4.Effecl of temperature on the 3 H-hiotin exchange 
profiles for biotin-binding protein in the plasma and yolk 
from turkey hens fed a biotin-deficient diet containing <1(1 
ig biotin/kg (*)and a diet containing 99 ig hiolin/kg). 
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FIG. 3. Concentration of biotin in the yolk (•) and 
albumen (0) of turkey eggs as a function of the biotin con-
centration of hen plasma. 
Figure 5 shows the data from concurrent assays 
of BBP in the yolk of hens fed <10, 989, 1,766. 
and 3,475 i.g of available biotin/kg feed. The 
slope of each line is inversely proportional to 
the biotin-binding sites in the sample, the y-in-
tercept is the ratio of endogenous biotin to biotin 
binding sites, and the x-intercept yields the nega- 
the albumen shows a strong sigmoid relationship 
to plasma biotin. The increase in plasma biotin 
concentration from 56 to 62 p.g/L results in a 
four to fivefold increase in the biotin concentra-
tion of the albumen. The deposition of biotin in 
albumen appears to saturate when plasma biotin 
concentrations approach 100 i.g/L. 
Thermal Stability of Turkey Biotin-Binding 
Proteins. Chicken egg yolk and hen plasma con-
tain two biotin-binding proteins, BBP-I and 
BBP-H, that are distinguishable by their heat 
stabilities in the 3H-biotin exchange assay 
(White and Whitehead, 1987). Figure 4 shows 
that plasma and yolk samples from turkey hens 
fed low (<10 pg/kg) and high (989 i.g/kg) 
biotin diets contain a biotin-binding protein that 
is stable below 65 C. In this respect, the protein 
resembles BBP-I of chicken yolk and plasma. 
If there is a second biotin-binding protein in 
turkey egg yolk and hen plasma, it does not 
have a distinctive heat lability or is a minor 
biotin-binding component. 
Deposition of Biotin-Binding Protein in Tur-
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FIG. 5. Assays for biotin-binding protein in turkey eggs 
from hens fed different amounts of available biotin (0, <10 
p.g; A. 989 p.g; 0, 1,766 g; and 0, 3,475 g biotin/kg 
feed). tL.1. is the total radioactive ligand (biotin). *L B is the 
bound radioactive biotin, F is the dilution factor, and V is 
the volume of sample. 
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FIG. 6. Effect of dietary hiotin on the ratio of free to 
BBP-bound biotin in egg yolk as a function of dietary avail-
able biotin. Values are the means and standard deviations 
on samples taken on Weeks I. 2. and 6 (if the experimental 
period. The values used correspond to the y intercepts ob-
tained in assays such as those shown in Figure 5. 
tive of the yolk biotin concentration. A partial 
derivation of these relationships is presented by 
Lotter et al. (1982). From this analysis, it is 
evident that amounts of BBP are similar in the 
three samples from hens fed high biotin diets 
(the slopes of the lines are virtually the same) 
although the amount of endogenous biotin is not 
the same (the x-intercepts are different). The 
y-intercepts for these three samples are greater 
than 1.0 indicating there is more endogenous 
biotin than biotin-binding sites. The assay of 
BBP in yolk samples from biotin-deficient hens 
yields a line with twice the slope of the other 
three (i.e., half the concentration). Furthermore, 
the y-intercept of I .0 indicates the amount of 
endogenous biotin is equivalent to the number 
of biotin-binding sites in the sample. 
For all levels of dietary biotin, the amount 
of biotin deposited in yolk equals or exceeds 
the available biotin-binding sites on BBP (Figure 
6). Typically the biotin content of Un-
supplemented diets is less than 250 [Lg/kg. In 
this biologically meaningful range, the produc-
tion of BBP effectively limits the amount of 
biotin that can be deposited in the yolk. The 
small amount of unbound biotin that is present 
in the yolk from turkey hens fed diets within 
the normal biotin range increases significantly 
in the yolk of birds fed diets high in biotin. 
Deposition of A vidin in Turkey Egg Albumen 
as a Function of Dietary Biotin. As plots ob-
tained for assays of egg white avidin were non-
linear, only qualitative observations can be re-
ported. The amount of avidin deposited in turkey 
egg albumen appears to be independent of die-
tary biotin. Although biotin deposition in egg 
albumen increased considerably over the experi- 
mental range of dietary biotin (Figure 2), biotin-
binding sites of avidin were not saturated even 
at the highest levels tested. 
DISCUSSION 
Biotin and Egg Production. Egg production 
of the turkey hens fed the very low biotin diet, 
though depressed relative to the other groups 
(Table I), was nevertheless quite high over the 
period of the experiment. This is consistent with 
observations in chicken that hens are able to 
maintain a reasonable rate of egg production 
when fed diets containing virtually no available 
biotin (Cravens et al., 1942). 
Free and Biotin-Binding Protein-Bound 
Biotin in Plasma as Sources for Biotin in Albu-
men and Yolk. The dissimilarities in deposition 
rates of biotin in yolk and albumen as a function 
of total plasma biotin (Figure 3) are unusual and 
indicate that the two depositional processes are 
fundamentally different. The simplest explana-
tion is that biotin in plasma is predominantly 
bound to BBP. This 1313P-bound biotin is des-
tined for deposition in the yolk. The steady 
state concentration of this biotin is approxi-
mately 56 p.g biotin/L plasma. When dietary 
biotin is assimilated in excess of the BBP-bind-
ing capacity, a small pool of unbound biotin is 
present that is rapidly bound by avidin in the 
oviduct. Thus biotin is preferentially directed to 
the yolk at low dietary biotin levels. As the 
limits of BBP production are reached at higher 
dietary biotin levels, excess biotin is scavenged 
by avidin. The fact that unbound biotin also 
appears in yolk and is concentrated there (Figure 
6) indicates that a second, BBP-independent 
route of biotin deposition occurs in yolk, primar -
ily during times of unnaturally high amounts of 
dietary biotin. 
Comparison with the Biotin Deposition Pro-
cess in Chicken Eggs. The process of biotin 
deposition in the turkey egg is similar to but 
simpler than the process in the chicken egg 
(White and Whitehead, 1987). In the laying 
chicken there are two different forms of plasma 
biotin-binding protein. Their production is dif-
ferentially dependent upon dietary biotin. The 
BBP-II that is preferentially deposited in yolk 
is produced at higher dietary biotin levels than 
is BBP-1. As a consequence, rate of deposition 
of biotin in the yolk of chicken eggs is not simply 
proportional to plasma biotin as it is in turkey 
eggs. 
The protein-dependent transport system of 
chickens is more complicated than that of tur- 
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keys. It results in more efficient transport of 
biotin to the chicken yolk as illustrated by the 
fact that plasma biotin concentrations in laying 
hens of the two species are quite similar, but 
yolk biotin concentrations are twice as high in 
chicken yolk. It appears that the turkey has par -
tially compensated by depositing nutritionally 
significant amounts of biotin in its albumen. 
Although avidin-bound biotin is generally un-
available in the digestive tract of most animals, 
it would seem likely that turkey embryos have 
evolved means to use this biotin. 
It is unusual for significant amounts of a vi-
tamin to exist in the albumen of an egg. How-
ever, this phenomenon occurs for biotin in cor-
morant eggs (White, 1985) and for riboflavin 
in chicken eggs (Lotter et al., 1982). 
Hormonal and Ligand Control of Gene Ex-
pression. Proteins of the egg are synthesized in 
response to estrogen (Bell and Freeman, 1971). 
In chickens (White and Whitehead, 1987) and 
also in turkeys (Figure 4) there is a decrease in 
the amount of BBP produced at low dietary 
biotin levels. This effect suggests that biotin 
may exercise a transcriptional control that over-
rides hormonal control. This effect was not ob-
served for chicken or turkey avidin nor was the 
corresponding effect observed for riboflavin-
binding protein in chickens (White etal., 1986). 
Implications for Management. Increasing the 
dietary content above 100 I.Lg available biotin/kg 
has relatively little effect on the deposition of 
biotin in turkey egg yolk. Supplementation thus 
has its primary effects on the biotin content of 
the albumen, which has a very high capacity for 
accumulating biotin. The effectiveness of biotin 
supplementation for hatchability and subsequent 
poult growth depends upon availability of avid-
bound biotin to the embryo and whether this 
biotin can be retained by the poult. 
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Avidin, an exceptionally stable protein in egg white, 
binds the vitamin biotin with very high affinity and can 
induce biotin deficiency when fed to animals. To deter-
mine if biotin bound to avidin is available to the chicken 
embryo, the fate of [3H]biotin complexed to avidin was 
monitored during embryonic development. The majority 
(>85%) of the [3H]biotin was extraembryonic until the 
day before hatching, when embryos swallow egg white 
and withdraw the yolk sac into their abdomen. Thus, 
biotin in the egg white of chicken eggs contributes little 
to the biotin status of the chick prior to hatching. After 
hatching, much of the [3H]biotin was assimilated. About 
30% of the total was found in the liver and kidneys by 4 
days of age. The biotin in liver was associated with large 
proteins and not with avidin. In a separate experiment, 
biotin injected into the egg white of biotin-deficient eggs 
failed to increase embryonic development or hatchability. 
Both experiments suggest that biotin in egg yolk is the 
primary and virtually sole source of biotin for the chicken 
embryo. © 1992 Academic Press, Inc. 
Dried chicken egg white fed to rats contains a toxic 
factor whose effects are neutralized by another factor 
found in a variety of foods including egg yolk (1). The 
toxic factor and the protective factor were shown to be 
avidin (2) and biotin (3), respectively. Avidin is a protein 
that binds biotin with extraordinarily high affinity (KD 
1 fm) (4), but normally occurs in a biotin-free state. 
The avidin-biotin complex, when found, is exceptionally 
stable both to heat denaturation (5) and to proteolytic 
digestion (6). Thus the toxic effects of uncomplexed avidin 
are due to its ability to induce biotin deficiency by scav-
enging dietary biotin and preventing biotin assimilation. 
Diets containing egg white also produce biotin defi-
ciency in chickens (2, 7). In contrast, chicken embryos in 
ovo develop normally despite being surrounded by egg 
'To whom correspondence should be addressed. 
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white. It appears that avidin in the chicken egg does not 
scavenge biotin that is available to the embryo, or, if it 
does, the biotin can be released for use by the embryo. Of 
the biotin in a typical chicken egg, about 10% is in the 
white. The remaining 90% is in the yolk (8) where it is 
associated with biotin-binding protein (1313P), 2 a protein 
distinct from egg whiteavidin (9-11). Although BBP 
binds biotin less tightly than avidin and is considerably 
less stable than avidin, very little of the BBP-bound biotin 
is lost from the yolk to the egg white in chicken eggs 
stored below 18°C for up to 25 days (12, 13). 
Undoubtedly the yolk is the major source of biotin for 
the chicken embryo; however, it is not known whether or 
to what extent the avidin-bound biotin in the egg white 
is also available to the embryo. Couch and co-workers 
(14) showed that biotin injected into the egg white of bio-
tin-deficient chicken eggs restored hatchability. While this 
demonstrated that biotin in the egg white is available to 
the embryo, the amount of biotin injected may have ex-
ceeded avidin's binding capacity, allowing unbound biotin 
to be utilized. In eggs from other species a substantial 
amount of the biotin is in the egg white and would be a 
significant source of the vitamin if it were available to 
the embryo. For example, about half of the biotin in a 
turkey egg is in the egg white (15), and injection of biotin 
into the egg white has been reported to increase hatch-
ability (16). In cormorant eggs, avidin is about 85% sat-
urated with biotin (11; H. B. White and C. R. Grau un-
published). The purpose of this work was to determine 
the fate of avidin-bound biotin in incubated chicken eggs. 
METHODS AND MATERIALS 
Preparation of avidin [3H]biotin complex. Fresh egg white was di-
luted 1:1 with 0.9% NaCl (0.155 M) and mixed for 30 min on a magnetic 
stirrer; the solids were removed by filtration through polyester wool. 
Based on the avidin content of egg white, 1.20 ml of this solution was 
mixed with 60 jCi of D-[8,9- 3H(N)]biotin (Lot No. 2522-192, 45.0 Ci! 
mmol, New England Nuclear-DuPont, Boston, MA), and an additional 
2  Abbreviation used: BBP, biotin-binding protein. 
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1.80 ml of 0.9% NaCl. After 5 mm, 0.5 ml of a 0.1 pM unlabeled biotin 
solution was added to displace weakly bound, radiolabeled products of 
biotin oxidation and radiolysis. These labeled compounds and excess 
biotin were removed by three successive dialyses against 1.0 liter of 
0.9% NaCI at 0°C. Approximately 7% of the total radioactivity was 
removed by dialysis. The egg white solution containing the avi-
din• [ 3H]biotin complex was quantitatively recovered, and diluted to a 
final volume of 6.0 ml corresponding to a 10% solution of egg white. 
The 3H content of this and other samples was determined on a Beckman 
3133P liquid scintillation counter using either Liquiscint (National Di-
agnostics) or Ready Safe (Beckman) as a scintillation fluid. 
Injection of avidin [H]biotin complex into eggs. The blunt ends of 
20 freshly laid fertile eggs from Single Comb White Leghorn hens were 
wiped with ethanol and the shells punctured with a sharp instrument. 
Through the hole, 200 1A1 of the 10% egg white solution (containing 1.82 
pCi [ 3H]biotin in the first preparation, 0.996 pCi in the second) was 
injected and the hole closed with a drop of Duco cement. The eggs were 
then placed in a Jamesway 252A incubator at 38 ° C and 70% relative 
humidity. 
Analysis of the distribution of [3H]biotin in incubated eggs. At 5 days 
of incubation, the eggs were candled and infertile eggs were removed 
for determination of the recovery and distribution of [ 3H]biotin. Fertile 
eggs were removed at 11, 15, 18, 19, and 20 days of incubation. In addition, 
two eggs were allowed to hatch during the second trial of the experiment. 
In each case an attempt was made to separate and weigh, as free as 
possible from cross-contamination, the various tissues and fluids present 
(egg white, yolk, amniotic fluid, allantoic fluid, yolk sac, chorioallantois, 
embryonic liver, and the remaining embryo). In chicks, a more complete 
dissection was done separating the following tissues/organs: heart, liver, 
yolk and yolk sac, gizzard and crop, gastric ceca, intestines, kidneys, 
and brain. Tissues were homogenized in 4 or more vol of water in a 
small Waring blender. The tritium content of the homogenate was de-
termined by liquid scintillation counting. 
Gel filtration chromatography of liver extract from a 4-day-old 
chick. To demonstrate that [ 3H]biotin was being utilized by the chick, 
3H-containing proteins were separated on a Sephadex G-75 gel filtration 
column (45 X 2.5 cm). The liver from one of the 4-day-old chicks was 
homogenized with 4 vol of distilled water in a Waring blender. The 
homogenate was then centrifuged at 4000g for 40 mm, and 4.4 ml of the 
supernatant was applied to the Sephadex column. Elution was with 50 
mm sodium phosphate, pH 7.2, at room temperature. The column was 
calibrated with Dextran Blue (2 MDa), cytochrome c (13 kDa), riboflavin-
binding protein (36 kDa), and hemoglobin (64 kDa). Fractions (2.0 ml) 
were collected, and 1.0 ml from each was analyzed for tritium in the 
scintillation counter. Fractions that contained the most radioactivity 
were assayed for avidin using a previously described method that can 
detect avidin saturated with biotin (17). 
Attempted rescue of biotin-deficient embryos. ISA Brown hens, fed 
a biotin-deficient diet containing dried egg white (18) and maintained 
as described previously (18), were artificially inseminated. Fertile, biotin-
deficient eggs [13.0 ng biotin/g yolk, <1 ng biotin/g egg white (18)] were 
injected with 8 pg of biotin in 200 plof 0.9% saline and incubated. The 
amount of biotin injected was chosen because it exceeded the normal 
amount required for hatching but did not exceed the binding capacity 
of avidin in a normal egg (19). A control group of biotin-deficient eggs 
was injected with 200 Al of 0.9% saline. After 23 days of incubation, 
both sets of eggs were opened and times of embryonic death were de-
termined by the developmental stage of the embryo. 
RESULTS 
Figure 1 shows the amounts of radioactivity that were 
recovered from the various embryonic and extraembryonic 
compartments of chicken eggs after incubations of 11, 15, 
18.19. and 20 days. The majority of [3H]biotin remained 
associated with the extraembryonic fractions throughout 
the incubation. Very little was transferred to the yolk sac 
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FIG. 1. Distribution of radioactivity between embryonic (V) and ex-
traembryonic (A) compartments as a function of incubation time in 
eggs injected with 200 pl of a 10% egg white solution containing avidin-
bound [ 3H]biotin. Shown are the results from four 11-day, two 15-day, 
two 18-day, two 19-day, and four 20-day embryos. Open symbols show 
the results of a mature embryo that had consumed its extraembryonic 
fluids and absorbed its yolk sac. 
despite the apparent absence of a physical barrier between 
the yolk and albumen after 10 days of development. Very 
little radioactivity appeared in the amniotic or allantoic 
fluid or in the chorioallantoic membrane. 
Of particular interest are the four 20-day embryos, three 
of which were examined before and one after the ex-
traembryonic fluids had been swallowed and the yolk sac 
had been withdrawn into the abdominal cavity. The de-
velopmentally most advanced embryo had incorporated 
significantly more [ 3H]biotin within its body than had 
the other embryos. 
Table I shows the radioactivity that was present in the 
various tissues of the chicks 4 days after hatching. With 
the exception of the yolk sac and the gastric ceca, tissue 
that contained unabsorbed egg components, the 314 con-
tents of the various tissues were similar in the two chicks. 
In particular, approximately 25% of the [ 3H]biotin in-
jected appeared in the liver, a rich source of several biotin-
dependent enzymes (20, 21). 
To show that the [ 3H]biotin was associated with high-
molecular-weight proteins rather than with free biotin or 
degradation products, liver extracts were subjected to gel 
filtration chromatography. Figure 2 shows the elution 
profile of radioactivity recovered from a liver extract. The 
major sharp peak occurred at approximately 100 kDa. 
This is beyond the exclusion limit of Sephadex G-75, 
which is 80 kDa. A second broad peak eluted around 40 
kDa. Avidin was not present in the fractions correspond-
ing to either peak. 
The attempt to rescue embryos in biotin-deficient eggs 
failed. None of the eggs injected with 8 tg biotin or saline 
hatched. Approximately half of the eggs were contami-
nated with bacteria and had to be excluded from analysis. 
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Heart 4 3 
Liver 248 268 
Kidneys 52 50 
Brain 7 7 
Yolk and yolk sac 23 348 
Gizzard and crop 13 16 
Gastric ceca 78 25 
Intestines 26 33 
Carcass 80 71 
Excrement 
Total nCi 531 810 
% Recovery 53.3 81.2 
Minus skin, feathers, head, feet, wings, and organs analyzed sepa-
rately. 
Recovery of excrement was not quantitative. Furthermore, because 
the chicks were kept together, the source of the 131 nCi recovered could 
not be assigned. 
Only one of 11 biotin-injected eggs contained an embryo 
that developed beyond 4 days, and that one died at Day 
20 (mean age at death, 4.3 days). Six of the 18 embryos 
in the saline-injected control eggs developed beyond 4 
days. Those died at Days 9, 11, 15, 18, 20, and 21 (mean 
age at death, 6.7 days). Embryonic mortality is bimodal 
in biotin-deficient eggs (22). As observed here, the first 
peak is at 4 days and the second near hatching. 
DISCUSSION 
Function of Avidin 
Egg white is a viscous, alkaline solution of proteins, 
virtually all of which are, or in principle could be, inhib-
itors of microbial growth (23). Among these proteins are 
lysozyme, several protease inhibitors, and a variety of nu-
trient-binding proteins including avidin (24). The occur-
rence of avidin in this environment provides strong cir-
cumstantial support to the hypothesis that avidin's 
primary function is to inhibit the growth of biotin-de-
pendent microorganisms and thereby protect the embryo 
from infection. Although our experiment of injecting bio-
tin into the egg white of biotin-deficient eggs was not 
intended to address the antimicrobial function of avidin, 
the results could be interpreted in this context. By binding 
biotin, the protective ability of avidin would be diminished 
and thus provide a basis for the observed increase in early 
embryonic mortality. While a protective function seems 
likely, it does not preclude other functions, one of which 
could be a supplementary source of biotin for the embryo. 
In a normal chicken egg, about 10% of the total avidin 
in the egg white contains bound biotin (13). Additional  
small amounts of biotin from the yolk may be scavenged 
by avidin during embryonic development (12, 13). Only 
when hens are fed excessive amounts of biotin do large 
amounts of biotin appear in the egg white (18). While 
assimilation of avidin-bound biotin could be an important 
supplement to the biotin available from the yolk, the sit-
uation is more compelling for other species. 
Turkeys require more biotin than chickens, yet their 
egg yolks contain less biotin and their egg white more 
avidin than those of chicken eggs (15). Approximately 
50% of the biotin in a turkey egg is avidin bound (15). 
Injection of biotin into the egg white of turkey eggs re-
sulted in a slight but significant increase in hatchability 
(16). If this increase in hatchability is due to an improved 
biotin status of the embryo, it implies that turkey and 
chicken embryos differ in their ability to utilize avidin-
bound biotin. 
Our results for chicken eggs indicate only limited 
amounts of avidin-bound biotin are available to the em-
bryo during its development. This conclusion is supported 
by a second experiment in which embryonic survival and 
hatchability were not improved by the addition of biotin 
in the egg white. Our results also show that biotin formerly 
bound to avidin was released and utilized by the chick 
after hatching and that the radioactive label was trans-
ferred to macromolecules in the liver. These molecules 
were distinct from avidin and were in the size range ex-
pected for biotin-dependent carboxylases (20, 21). 
Mechanism of Biotin Release from Avidin 
Given the high concentration of avidin-bound biotin 
in some bird eggs and the importance of biotin in embry-
onic growth and maintenance of chickens, it was unex-
pected that the developing embryo assimilated so little 
avidin-bound biotin. This observation suggests that, in 
chickens at least, there are no embryonic avidinases that 
proteolytically degrade avidin and release biotin. Fur-
thermore, it suggests that there are no allosteric effectors 
that interact with avidin to release biotin. These deduc-
tions are consistent with expectations based on the 
chemical properties of avidin. However, avidin-bound 
biotin is utilized by the chick shortly after hatching; thus 
a process must exist for the release of biotin from avidin. 
Biotin binds so tightly to avidin at 38'C, the temper-
ature of incubated chicken eggs, that most biotin mole-
cules would not dissociate from avidin during the 21-day 
incubation period [calculated from the rate constants in 
Ref. (10)]. However, there is a sense in which these cal-
culations may not be physiologically relevant. Due to the 
extremely high affinity of avidin for biotin, dissociation 
rate constants have been measured on saturated tetra-
meric avidin with four bound biotin molecules. In egg 
white, where avidin is less than 10% saturated, a large 
proportion of the avidin molecules have fewer than two 
bound biotin molecules. Thus avidin saturated with biotin 
represents an insignificant proportion of the total avidin 
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FIG. 2. Gel filtration chromatographic separation of radioactive compounds extracted from a 4-day chick liver. Gel filtration standards are 
denoted at the top of the graph (Rf, riboflavin; RfBP, riboflavin-binding protein). Radioactivity was determined on 1.0 ml from each 2.0-ml 
fraction eluted from the Sephadex G-75 column. 
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biotin was in this saturated state. If the biotin binding to 
tetrameric avidin is in any way cooperative as in the 
binding of oxygen to hemoglobin, then our conclusions 
may need to be reevaluated. In other words, endogenous 
biotin from a 1:4 complex may be available to the embryo 
while [3H]biotin from a 4:4 complex is not. The experi-
ments of Green (25), however, argue against cooperative 
binding and this alternative interpretation. 
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Preface 
Roche, with the full agreement of the author, 
dedicate this book to Dr. Franz Tagwerker. 
Dr. Tagwerker played a vital role in encouraging 
research, both within Roche and at other insti-
tutes around the world, on biotin and its func-
tions in animal nutrition and health. 
When the chemical synthesis of biotin was dis-
covered in the Roche Laboratories in the USA in 
1943, it looked as if this achievement was of 
academic interest only with no practical value. 
During the 15 years from 1954 to 1969, only 
58 scientific papers dealt with the role of biotin in 
animal nutrition and health. 
However, during the 18-year period from 1970 to 
1987, more than 700 publications appeared on 
the subject. What happened since the late six-
ties? 
Dr. Tagwerker named biotin the 'Sleeping Beau-
ty' when he began his studies on biotin and pub-
lished the first monograph on its role in animal 
nutrition in 1972.A Roche colleague in Canada, 
F. L. Billings, compiled the first comprehensive 
bibliography on biotin in 1970. Only 5 years lat- 
Cr, an update was necessary in which Dr. Tag-
werker took an active part. 
Since then, over 30 papers on biotin have 
appeared with Dr. Tagwerker as author or co-
author. In numerous workshops, symposia and 
international congresses, Dr. Tagwerker pre-
sented basic research on biotin combined with 
the findings of field experience. He was also 
instrumental in demonstrating that the natural 
biotin present in many raw materials used by the 
feed industry is not in all circumstances bio-
available. Therefore, in many cases, supplemen-
tation is necessary to adequately cover the biotin 
requirements of the different animal species. 
Dr. Tagwerker's last publication on the role of 
biotin in hoof formation was particularly well 
accepted, not only for its innovative findings but 
also for its outstanding graphic presentation. 
On the eve of this retirement from active profes-
sional life, we wish to express our appreciation 
and thanks for the dedication and relentless ener-
gy which Dr. Tagwerker devoted to biotin. 
It was he who awoke the 'Sleeping Beauty'! 
Walter Schnyder 
Former Head of the Animal Nutrition 
and Health Department of 
r:rIorrmann:EaKocne& Co. - Ltd-
Basle, Switzerland 
Dr. Klaus Pfeiffer 
Present Head of the Animal Nutrition 
and Health Department of 
F. HOffñiânn-La ROchCLtd 
Basle, Switzerland 
Foreword 
I am very happy that this book has been dedi-
cated to Franz Tagwerker. I have known Franz 
since the very early days of my involvement in 
biotin research. His own interest in this vitamin 
had predated mine and he has been a source of 
enthusiastic encouragement for many associated 
with the acquisition and practical application of 
new information on biotin in many species. 
In the course of our contacts, Franz has become a 
firm friend of myself and my family. I have 
shared many happy experiences with him during 
travels to foreign lands - his wealth of informa-
tion and understanding covers not just vitamins 
but also art and history. He has been generous to 
me with his advice, help and hospitality, not least 
in the preparation of this book, and I wish him a 
long and happy retirement. 
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1 Introduction 
Biotin is one of the more recently discovered 
members of the water soluble vitamin B com-
plex. Its discovery started with the findings by 
Wildiers (1901) that a factor he called "bios" was 
required for the growth of some yeasts. This fac-
tor proved to be a mixture and in 1935 Kogl 
isolated "biotin" in pure form as one of the com-
ponents. This substance was found to be identi-
cal with the factors termed "protective factor X" 
and "vitamin H" (from the German Haut=skin) 
isolated from liver and found to protect rats 
from the pathological effects of feeding dried egg 
white (Boas, 1927; Györgv, 1931). It was also 
found to be identical to coenzyme R, a growth 
and respiratory factor in some bacteria. 
Biotin is an essential nutrient for all animals and 
is present (though in greatly varying amounts) in 
virtually all food sources. It used to be assumed 
that natural sources of biotin together with intes-
tinal synthesis provided commercially-impor-
tant livestock with an adequate intake but the 
identification of deficiency conditions in turkeys, 
fish, mink and foxes led to biotin supplementa-
tion of diets for these species. More recently, the 
discovery of biotin-responsive disorders in pigs 
and broilers, together with findings that much of 
the biotin present in some feed ingredients is not 
nutritionally available, has led to a realisation 
that trends in diet formulation over the years 
have resulted in a lowering of the biotin contents 
in diets for intensively-reared animals. Since the 
performance potential of modern strains of ani-
mal has increased over the same period, it follows 
that natural available biotin intake per unit of 
production has become very much lower. In con-
sequence, the addition of synthetic biotin to com-
mercial diets has become increasingly important. 
The greater awareness of the role of biotin in 
animal nutrition has stimulated renewed interest 
in research, with the result that much more is 
known about biotin requirements and metabo-
lism in several species. 
5 
2 Chemistry 
2.1 Structure and Properties 
The structure of biotin was deduced by du Vig-
neaud et al. (1942) and the first synthesis w: 
achieved by Harris et al. (1943). There are thrc 
asymmetric carbon atoms in the molecule an 
four diastereoisomers can occur, namely bioti 
allobiotin, epiallobiotin and epibiotin. With F 
and HL enantiomers for each, there is thus a to i I 
of eight optically active forms for the structurc 
but only D - (+) - biotin (Figure Ia) is biologi-
cally active. 
Commercially, biotin is manuficturcd by chem-
ical synthesis. The high degree of stereoselectivi-
ty which is needed for large scale manufacture 
was first achieved by Goldberg and Sternbach 
(1949) in a synthesis that started from fumaric 
acid and comprised thirteen steps. A modifica-
tion of this synthetic pathway, allowing the sep-
aration of enantiomers and recycling of the 
unwanted ones at an early stage, has been devel-
oped by Gerecke et al. (1970). 
0 
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Figurt'Ih:Buutin molecule 
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Biotin crystallises as fine, long needles that melt 
with decomposition at 230-232'C. It is sparingly 
soluble in cold water, more soluble in hot water, 
dilute alkali and 95% ethanol but insoluble in 
other organic solvents. It is stable to heat but can 
be destroyed by strong acids or alkalis. 
Other structurally-related compounds can have 
biological activity. DL-Oxybiotin shows about 
4% of the activity of biotin in curing lesions 
brought about by biotin deficiency (Axelrod et 
al., 1946). D-Biotinol and biocytin (a naturally-
occurring form of biotin bound to lysine) can be 
converted to biotin in tissues and hence are also 
active. Norbiotin and homobiotin (homologues 
of biotin with elongated or shortened side chain) 
tioflg an tgonih 	biun. 
Iigur. Ii: I) -(+)- biti 	r'.taIs 
 
2.2 Occurrence and Measurement 
Biotin is widely distributed throughout plants 
and animals. Richest sources are yeasts, nuts and 
oil seeds and, in animal tissues, liver, kidney and 
egg yolk. However, naturally-occurring biotin is 
usually bound to other molecules, making it resis-
tant to simple aqueous extraction procedures. 
Before it can be measured, bound biotin must 
first be liberated by hydrolytic techniques involv-
ing digestion with acid, usually autoclaving at 
1 kg pressure in an acidic medium (Schemer and 
De Ritter, 1975) or with enzymes such as 
papain. 
The traditional method for measuring biotin 
liberated in this way is based on the response of a 
microorganism having a specific requirement for 
biotin. Lactobacillus casei has been used, but the 
more popular procedure is that of Wright and 
Skeggs (1944) involving L. plantarurn. 
More recently, isotope dilution techniques taking 
advantage of the biotin-binding properties of 
avidin have been developed (Dakshinamurti et 
al., 1974; Hood, 1975; Horsburgh and Gom-
pertz, 1978; Dakshinamurti and Allan, 1979; 
Rettenmaier, 1979) and may give a more direct 
means of measuring biotin in the future, especial-
ly if problems with non-specific binding can be 
overcome. Another competitive protein binding 
assay with avidin uses a chemoluminescent 
marker instead of radioactively labelled biotin 
(Schroeder et al., 1976). 
An enzymatic determination of biotin has been 
developed using the enzymatic binding of biotin 
in situ to the pyruvate carboxylase apoprotein of 
biotin-deficient baker's yeast and the subsequent 
estimation of the pyruvate carboxylase activity 
by a ' 4CO2-fixation method (Haarasilta, 1978). 
Biotin can be measured photometrically. It can 
be measured directly by fluorescence spectrome-
try or by photometric measurements at specific 
wavelengths after formation of derivatives. Ex-
amples of the latter procedure are measuring the 
intensity of the red product obtained by reacting 
biotin with p-(dimethylamino)-cinnamaldehyde 
(McCormick and Roth, 1970) or following the 
change in the absorption spectrum characteristic 
of tryptophan after compiexing with avidin 
(Green, 1970). However, methods such as these 
are affected by impurities and contaminants and 
are more suitable for the estimation of biotin in 
pharmaceutical preparations rather than in raw 
materials or tissues. 
3 Biochemistry 
3.1 Coenzyme Role 
The metabolic role of biotin is as a prosthetic 
group in enzymes involved in carboxylation reac-
tions. In animals there are three such biotin-
dependent enzymes of particular importance, 
pyruvate carboxylase, propionyl CoA carboxy-
lase and acetyl CoA carboxylase. The function of 
the biotin moiety in the enzyme is to fix and hold 
CO2 in such a way as to permit the enzyme to 
transfer the CO 2 to the appropriate substrate. 
The biotin molecule becomes attached via an 
amide linkage to a lysine unit of the enzyme with 
the aid of holocarboxylase synthetase enzymes. 
The carboxylation reaction takes place in two 
stages. The formation of the CO2-biotin-enzyme 
intermediate, shown in Figure 2, is energy (ATP)
dependent and requires the participation of a 
Mg2 (or Mn 2 ) ion. The reaction, summarised 
in equation 1. is thought to take place at one site 
on the enyzme; the long chain formed by the 
lysine and biotin side chain then changes confor-
mation to allow the carboxylation of the sub-
strate (equation 2) to take place at another site 
on the enzyme. 
enzyme-biotin + C03 2 + AT134 	enzyme- 
biotin-CO? + ADP 3 + HP042 
enzyme-biotin-0O2 + substrate —> substrate-
CO-) ± enzyme-biotin 
NH 
HC 	CH, 	CH,: 
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3.2 Metabolic Pathways 
Pyruvate carboxylase (EC 6.4.1.1) catalyses the 
conversion of pyruvate to oxaloacetate within the 
mitochondrion in the presence of ATP. Mg 2 or 
Mn 2 and acetyl CoA. Oxaloacetate is an inter-
mediate in the biosynthesis of phosphoenol pyru-
vate, and ultimately, glucose. Pyruvate carboxy-
lase thus plays an essential role in the process of 
gluconeogenesis via pyruvate. Tissues with great-
est gluconeogenic capacity are liver and kidney 
and they also contain highest activities of the 
enzyme. Quantitatively, gluconeogenesis in the 
kidney is less; it can assume greater importance 
when the requirement for gluconeogenesis is 
increased such as during prolonged fasting or in 
chickens affected with Fatty Liver and Kidney 
Syndrome (Bannister et al., 1975). 
The presence of pyruvate carboxylase activity in 
tissues where gluconeogenesis does not occur 
highlights the importance of this enzyme in 
another important metabolic process. that of 
lipogenesis. Acetyl CoA is an important interme-
diate in the synthesis of fatty acid in the cyto-
plasm. However, acetyl CoA generated within the 
mitochondrion is unable to pass through the 
membrane until it has condensed with oxaloace-
tate to form citrate. Once in the cytoplasm, 
citrate is cleaved back into oxaloacetate and ace-
tyl CoA which can then enter the lipogenic path-
way. Thus an adequate rate of synthesis of oxa-
loacetate from pyruvate is required to maintain 
the transport of acetyl CoA out of the mitochon-
drion. 
The lipogenic pathway also requires the presence 
of another biotin-dependent enzyme, acetyl CoA 
carboxylase (EC 6.4.1.2), for normal function. 
This enzyme catalyses the conversion of acetyl 
CoA to malonyl CoA, in the presence of ATP and 
Mg2 , which is the starting point in the biosyn-
thesis of fatty acids. 
The involvement of these two enzymes in the 
pathways of gluconeogenesis and lipogenesis is 
summarised in Figure 3. 
Lactate 
/ __ 




	_ - 	Glucose 
Malate Malate  
Oxaloacetate 	Acetyl CoA N Oxal oacetate 
(I  I Fatty acids __________________ 
__________________ Citric 	 Citrate 	
• 
Citrate 	 t 
acid 
\ 	cycle ' , C0A 	Malonyl CoA 
—/ J Acetate C Acetyl Mitochondrion ytoplasm 
Figure 3: The inul'eiiint of p rui alt- uarhu\\ kie 	and acetyl Co carbn' 	a 	'( ( ) in i I1i pat hiia x , of 
gluconeogenesis and lipogenesis. (Scheme shon is for mammals: in birds, con%ersion of oxaloacetate to phosphoenol pyruate 
takes place within the mitochondrion) 
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The third main biotin-containing enzyme is 
involved in propionate metabolism. Propionate 
occurs in animal tissue as a result of microbial 
action in the rumen or intestines of ruminants 
and other animals. It also arises from the oxida-
tion of odd carbon numbered fatty acids and 
degradation of some amino acids. Propionate is 
converted to propionyl CoA which is then car-
boxylated within the mitochondrion by propio-
nyl CoA carboxylase (EC 6.4.1.3) to form methyl-
malonyl CoA. This can ultimately enter the citric 
acid cycle after conversion to oxaloacetate. This 
pathway is especially important for ruminants 
which, because of ruminal degradation of glu-
cose, have to rely upon it almost entirely for their 
supply of glucose. 
Biotin-dependent enzymes are thus directly in-
volved in the vitally important metabolic pro-
cesses of glucose and fat synthesis and can also 
have profound effects on other pathways by their 
influence on many metabolic intermediates. Bio-
tin is therefore necessary for normal utilisation of 
nutrients, maintenance and growth of body tis-
sues, reproduction and, ultimately, life in ani-
mals. 
3.3 Biotin Binding Proteins 
Several proteins with specific biotin binding 
properties have been identified, mainly in avian 
species. Those so far characterised are glycopro-
teins but they can be distinguished on the basis of 
their heat stability and affinity for biotin. 
Avidin is the best characterised of these proteins. 
It has a high heat stability (up to 95CC) and one of 
the highest ligand binding affinities known. KD 
lfM for biotin (Green, 1975). The binding is 
through the tryptophan units of avidin and is 
specific for structures involving a cis imidazolid-
in-2-one. Thus, biotin together with a wide range 
of related compounds can be bound, though with 
differing degrees of affinity. 
The principal site of synthesis of avidin is the 
avian oviduct, in response to progesterone 
(O'Malley, 1967) and it is secreted into the albu-
men. At normal dietary biotin intakes, very little 
avidin in egg white has biotin bound to it. How-
ever, albumen biotin content is related to dietary 
biotin content and at very high intakes a signifi-
cant proportion of avidin in the albumen can 
have bound biotin. These relationships differ 
from one species to another; the turkey for 
instance incorporates higher concentrations of 
avidin in albumen than does the chicken (260 vs 
93 g/ml albumen). The precise role of avidin in 
albumen, as a specific biotin binding compound, 
is not understood though it has been suggested 
that avidin may protect the egg from infection by 
rendering biotin unavailable to invading bacteria 
that may require it for growth (Green. 1975). 
Avidin can also be synthesised in a variety of 
avian tissues in response to injury or infection. 
The avidin produced under these circumstances 
is thought to be identical to oviduct avidin, on the 
basis of similar immunoreactivities (Kulomaa et 
al., 1981), but its synthesis is not progesterone-
dependent (Elo et al., 1979a). Instead it is syn-
thesised in close proximity to sites of injury to 
tissues such as skin, muscle and intestine (Elo 
1980: Elo et al.. 1980). It occurs more widely in 
organs in response to inflammation or infections, 
such as E.coli sepsis (Elo et al., 1979b: Elo et al., 
1980) and has been observed in male and female 
birds, both immature and mature. However it has 
not been found in injured fish or mammalian 
tissues (Elo, 1980). The role of avidin in avian 
tissue injury is not known; it may have a bacterio-
static activity or may play a part in the healing 
process by inhibiting some enzymes. 
Avidin can complex with enzyme-bound biotin 
and in consequence inhibit the reactions cata-
lysed by these enzymes. It can thus be used as a 
means of investigating in vitro the involvement of 
biotin-dependent enzymes in metabolic path-
ways. 
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The biotin-avidin complex is very stable over a 
wide range of pH and is not broken down in the 
digestive system. Avidin-bound biotin is thus 
unavailable to an animal and addition of raw egg-
white powder to diets has been used extensively as 
a means of inducing a biotin deficiency. Feeding of 
uncooked egg offals from hatcheries and poultry 
breeding farms to mink and foxes has caused inad-
vertent outbreaks of biotin deficiency. 
Streptavidin and stravidin are other biotin com-
plexing agents which are produced by Strepto-
inyces microorganisms and bind with biotin and 
some related compounds in a similar manner to 
avidin. They may be of practical importance if 
litter or feed become contaminated with such 
fungi. 
Other biotin binding proteins (BBP5) are in-
volved in the mechanism for incorporating biotin 
into the avian egg yolk (White et al., 1976). They 
have similar gross properties to avidin, in terms 
of molecular size, glycoprotein nature and qua-
ternary structure but differ immunologically and 
have lower affinity for biotin (KD IPM)  and 
heat stability (45-65°C) (Meslar et al., 1978). 
Compared to avidin, the plasma BBPs seem to be 
the products of different genes, whose expres-
sions are regulated by oestrogen (Murty and Adi-
ga, 1985). The BBPs appear to be synthesised in 
the liver and only released into the plasma in 
response to free biotin. since unbound BBP has 
not been detected, even in birds fed very low 
biotin diets. So far two proteins have been iden-
tified in chicken yolk and plasma. BBP I is stable 
to 65°C and has a slightly higher affinity for biotin 
than BBP II which is stable only to 45°C (White 
and Whitehead. 1987). In contrast, only one 
BBP, with characteristics similar to BBP I. has 
been found in the turkey (White et al., 1987). 
BBPs have not been found in the plasma of 
mammals such as the gestating sow. 
BBP I is found in the plasma of immature male 
and female chickens in relatively low concentra-
tion so that, at normal dietary biotin levels, it 
binds only about 30% of the biotin present in the 
plasma. However, at the onset of sexual maturity 
in the female. plasma BBP levels rise markedly in 
response to oestrogen (Murty and Adiga. 1985). 
It is of interest that in the chicken only BBP I 
appears in the plasma when the biotin supply is 
limited. The effect of this may be to conserve 
biotin for the hen's needs since the efficiency of 
incorporation of this protein in the yolk is less 
than that for BBP II. However, when the supply 
of biotin is greater, BBP II becomes the predom-
inant plasma BBP and the higher rate of incor-
poration of this protein in the yolk ensures the 
presence of adequate biotin for embryonic devel-
opment. These proteins are taken up into the 
developing yolk by a specific receptor mediated 
process. However, at very high biotin intakes, 
free biotin appears in hen plasma and egg yolk, 
suggesting that biotin may also enter the yolk by 
diffusion. These relationships are illustrated in 
Figure 4. The lower rate of incorporation of bio-
tin in the yolk of the turkey may be related to the 





BBP-ll bound biotin 
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Figure 4: Influence of biotin binding proicin (11111's) on the rclatioiiship between dietary and egg yolk biotin in the chicken 
(White and Whitehead, 1987) 
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4 General Effects of Biotin Deficiency 
4.1 Biochemical Effects 
The initial effects of biotin deficiency are 
decreases in the activities of the biotin-depen-
dent enzymes, although not all of these enzymes 
are affected to the same extent. Thus. in the livers 
of deficient chicks and rats, the decreases in the 
activities of pyruvate carboxylase and propionyl 
CoA carboxylase are proportionately larger than 
the decrease in activity of acetyl CoA carboxylase 
(Arinze and Mistry. 1971) perhaps because the 
presence of the last enzyme in the cytoplasm 
allows it freer access to the available biotin. 
Administration of biotin leads to a rapid restora-
tion of the activities of these enzymes to near 
normal levels. This happens because in a defi-
ciency the catalytically inactive apoenzymes are 
still present and require only the addition of the 
biotin prosthetic group for them to become 
active. Holosynthetase activity appears not to be 
seriously affected by a deficiency. 
Not surprisingly, decreases in the activities of the 
biotin-dependent enzymes result in adverse ef-
fects on the metabolic pathways in which they are 
involved. Thus lipogenesis and gluconeogenesis 
are both decreased in deficient animals. In the 
gluconeogenic pathway. a loss of activity of pyru-
vate carhoxylase results in an accumulation of 
pyruvate and lactate, with the overall effect being 
an increase in the NAD:NADH ratio in the liver 
(Deodhar and Mistrv, 1969). A decrease in acetyl 
CoA carboxylase activity results in a reduced rate 
of lipogenesis and abnormalities in fatty acid 
synthesis. 
Biotin deficiency has indirect effects on other 
metabolic pathways. These pathways do not 
involve biotin directly, since they are not inhib-
ited in vitro by avidin. but nevertheless their 
function is depressed by a deficiency of biotin. 
For instance, protein synthesis is impaired (Poz-
nanskaya, 1957) and this is associated with an 
inhibition of RNA synthesis (Dakshinamurti and 
Litvak, 1970). This probably arises as a result of 
depressed pyruvate oxidation leading to a de-
crease in the synthesis of dicarboxylic acids 
required for the tricarboxylic acid cycle and the 
generation of energy for other synthetic purposes 
(Achuta Murthy and Mistry, 1977). This im-
paired synthesis of substrates, especially 4-car-
bon precursors, by systems involving biotin-
dependent enzymes is the likely cause of abnor-
malities in other metabolic pathways not involv -
ing biotin. such as decreases in oxidative phos-
phorylation, purine synthesis and malic enzyme 
activity (Mistrv and Dakshinamurti, 1964 Dak-
shinamurti et al., 1968). 
Other indirect effects of biotin deficiency are as 
yet unexplained. For example, glucose utilisation 
is impaired in deficient rats (Mistry et al.. 1962). 
Substitution of sorbitol or fructose delays the 
onset of deficiency symptoms and restores micro-
somal protein synthesis to normal, thus suggest-
ing that these compounds are utilized better than 
glucose to generate energy for synthetic purposes 
(Morgan and Yudkin. 1962). Insulin administra-
tion restores the ability of deficient animals to 
utilize glucose, but biotin deficiency does not 
decrease natural insulin levels (Wagle, 1963). 
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4.2 Effects of Other Nutrients 
The development of biotin deficiency can be 
affected by interrelationships between this vit-
amin and other nutrients. In rats. ascorbic acid is 
synthesised from glucose with the aid of gulono-
lactone oxidase. However, the diminished utili-
sation of glucose, coupled with a decreased 
enzyme activity, means that biotin deficient rats 
have very low levels of ascorbic acid in tissues 
and blood. The extent to which biotin deficiency 
is thus compounded by ascorbic acid deficiency 
is not known, but the administration of ascorbic 
acid to biotin deficient rats delays the onset of 
deficiency lesions (Terroine, 1954; Dakshina-
murti and Mistry. 1962). 
Ill-defined interrelationships exist between sev-
eral of the B vitamins whereby excess of one can 
exacerbate a deficiency of another. Thus it has 
been shown in pigs that the severity of biotin 
deficiency can be increased by the provision of 
extra folic acid and cyanocobalamin (Cunha et 
al., 1948). In growing chickens, supplements of 
high levels of choline or mixtures of other 
13-vitamins have been shown to have a detrimen-
tal effect on biotin status (Whitehead and Ran-
dall. 1982; Whitehead et al., 1976b). 
Other nutrients also influence the course of bio-
tin deficiency. The presence of saturated fat in 
the diet has been reported to decrease the severity 
of lesions in both rats and chicks, but unsaturated 
fat seems to have the opposite effect (Patel and 
Mistry, 1968: Roland and Edwards, 1971). Extra 
protein can also enhance the severity of a defi-
ciency. However, an interesting situation arises 
in chicks since, although unsaturated fat and pro-
tein increase the severity of lesions, they can also 
have a protective effect against the occurrence of 
Fatty Liver and Kidney Syndrome (Whitehead et 
al.. 1976a), as will be discussed later. The reason 
for this anomaly lies in the differing demands on 
the main metabolic pathways, such as lipogenesis 
and gluconeogenesis, brought about by changes 
in the gross composition of diets. 
4.3 Pathological Effects 	 I 
The biochemical effects of biotin deficiency thus 
encompass many aspects of metabolism and not 
surprisingly the general effects of a deficiency in 
animals are widespread. However, only in the 
case of Fatty Liver and Kidney Syndrome in 
chicks has it been possible to relate the observed 
effects closely to a specific metabolic failure. 
The initial effects of a biotin deficiency in young 
animals are reductions in growth rate and effi-
ciency of feed utilisation. Thereafter skin changes 
occur, characterised in general by dermatitis, 
achromatricia and alopecia, although the specific 
manifestations may vary from one species to 
another. In rats. for instance, a seborrhoic der-
matitis occurs. The first sign in animals kept on 
wire floors and fed on diets containing raw egg 
white is a general reddening of the skin. Scaling 
then occurs, especially around the groin, genital-
ia, neck and snout, to be followed by crusting, 
fissuring and oedema on the lips and angle of the 
mouth. As the dermatitis develops, greasy brown-
ish scales may cover the body. Ultimately a gen-
eral exfoliative dermatitis develops: the epider-
mis is lost in thin scales and, after the brown fatty 
encrustations have been shed, subsequent scales 
aie colourless and devoid of fat (György. 1941; 
Sullivan and Nicholls. 1942). Histologically the 
lesions are characterised by hvperkeratosis and, 
in severe cases. parakeratosis (Shaw and Phillips. 
1942). 
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Various skin lesions occur in other species: par-
ticularly affected are those tissues that are subject 
to frequent flexing, such as the angle of the 
mouth, or pressure, such as undersurfaces of feet 
and hocks in poultry or soft heel in pigs. If these 
supporting tissues are further softened or eroded 
by wet or abrasive underfoot conditions, debili-
tating secondary lesions may develop. 
In many mammals, greying of the fur may occur. 
This is caused by a lack of production of pigment, 
since melanocytes remain in hair follicles and are 
similar to those of albinos (Emerson and Kere-
sztesy, 1942: Quevedo, 1956). Alopecia may 
spread over the body and is caused by the hair 
shaft breaking, probably as a result of an impair-
ment in keratin synthesis (Ratsimanga and Ni-
geon-Dureuil, 1960). 
Abnormalities in skeletal development occur, 
especially in embryos (p.  21) and in young poul-
try, that are characteristic of chondrodystrophy. 
Postural abnormalities can also be shown by rats 
and pigs, especially an abnormal curvature of the 
back which affects the gait of the animals. How-
ever, these changes were believed to be the result 
of muscular abnormalities rather than skeletal or 
neurological lesions (Sullivan and Nicholls, 
1942). 
Haematological changes include a decrease n 
haemoglobin concentration, increases in erythiu-
cyte and leukocyle levels and prolongation ut 
prothrombin tini liiIh I I(: lcrIii 
and Marsili, 19 7 3) .  
Changes in fat metabolism in rats result in a 10 
of visceral and subcutaneous fat and fatty a , - ! Li 
composition may change, there being an increac 
in the proportion of mono-unsaturated fau 
acids (Puddu et al.. 1967). The same altered fau\ 
acid pattern in the plasma and/or adipose tissuc 
has been found in chickens. turkeys, pigs an 
trout. The resulting soft body fat is of course an 
undesirable carcass characteristic. Deficient ani-
mals can also become more susceptible to Cod 
and less resiT:n' n r : 1n (:i1Jn:fl 
I  
Reproduction can be severely affected by biotin 
deficiency. In male rats, morphological changes 
occur in the testes and spermatogenesis is 
reduced (Katsh et al., 1955: Delost and Terroine, 
1956). In the female, changes occur in the uterus 
but oestrus cycles are normal: gestation is unaf-
fected initially (Okey et al., 1950). However, 
embryonic death occurs subsequently and foe-
tuses may be resorbed or stillborn (Kennedy and 
Palmer, 1946). Live foetuses in deficient mice 
may show several malformations, most common-
ly micrognathia, cleft palate and micromelia 
(Watanabe and Endo, 1984). In poultry, egg pro-
duction continues, but hatchability may decrease 
to zero with severely deficient diets. Young 
chicks or rats from less severely deficient mothers 
may show a wide range of characteristic abnor-
malities which Rose et al. (1956) suggest, in the 
case of the rat, may persist through several gen-
erations. 
In sows, fecundity and fertility suffer, and the 
piglet production is poorer in numbers and 
weight at weaning. The intervals from weaning to 
first oestrus and to conception are prolonged, and 
the conception rate is depressed (Brooks and 
Simmins. 1980: Bryant et al.. 1985a, b. c: Tribble 
et al.. 190: Penn\ et al.. 1981: Kornega\ 
( I 
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5 Biotin Deficiency in Animals 
5.1 Deficiency in Poultry 	 I 
Biotin deficiency has been studied extensivel\ in 
chickens and turkeys because of their comnici-
cia! importance. Signs characteristic of se\ere 
deficiency can be induced readily in young birds 
by feeding diets based on purified ingredients 
such as sugar, starch, casein, gelatin, and soya 
bean protein extracts. Deficiency signs can also 
be seen when practical diets based on ingre-
dients of low available biotin content such as 
wheat are fed (Balnave. 1975: Frigg and Bru-
hacher. 1976). 
5.1.1 Growing Birds 	 I 
Biotin deficiency causes various changes in 
chicks and poults although these seldom become 
apparent before about ten days of age with even a 
severely deficient diet. First signs are usuaII 
growth depression and disturbed feathering. Dcr-
mal lesions then appear and finally disorders o 
leg and beak may become apparent. Thec 
changes are illustrated in Figures 5 and 6. 
Figure 5: 4-eek-old biotin deficient chick nith nornial 
chick of the same age 
disturbed leathering, dermal Lesions on toot, eyelids and 
angles of beak and "parrot" beak 
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Dermal Lesions 
Skin lesions have a characteristic order of appear-
ance. A dryness and flakiness first appears on the 
feet. Abnormal papillary growth occurs on the 
undersurfaces of the toes and on the foot pad and 
cracks and encrustations develop. As the severity 
of the cracks increases, they become haemor-
rhagic and secondary infections may develop. 
The foot pad may become especially swollen and 
ulcerous, resembling a papilloma. The range in 
abnormalities is shown in Figure 7. Once the foot 
lesions have become established, lesions appear 
on other parts of the body. Encrustations develop 
at the angles of the beaks and subsequently on the 
eyelids, eventually causing the latter to become 
stuck together. Lesions can also occur around the 
vent and the remainder of the body skin is rough 
(Hegsted et al., 1940; Frigg et al., 1973: White-
head et al., 1974). These lesions are similar in 
both chicks and poults, though the latter are also 
susceptible to dermatitis on the wing web (Dob-
son, 1970). 
Figure 8: Cross section through skin of 4-sscek-old hiotin 
deficient chick showing hyperkeratosis and papillary growth 
of the epidermis (Frigg and Torhorst, 1980) 
Changes also occur in the lipid composition of 
the skin: there is a marked decrease in the amount 
of stainable lipid in the stratum corneum but 
neutral lipids contain abnormally high propor-
tions of unsaturated fatty acids, including very 
long chain fatty acids (C36—C40) not found in 
normal birds (Forbes and Davies, 1974: Logani 
et al., 1977). 
Skin lesions readily regress once adequate 
amounts of biotin are given to the birds. 
I 	' 
Figure 7: F eet ot bin in del C lent chicks S lin i ng leioiis 
ranging from moderate to very severe 
Histological studies have suggested that the ini-
tial dermal changes in biotin deficiency involve 
proliferation of the vascular system in the upper 
dermis and an increase in keratinising activity in 
the epidermis (Forbes and Davies. 1974). 
Changes are most pronounced on the weight-
bearing surfaces of the feet and include a massive 
hyperplasia of the epidermis and hyperkeratosis. 
In some areas of the epidermis there is enhanced 
papillary growth. as shown in Figure 8, in others 
the epidermis is completely eroded and crusts of 
erythrocytes, inflammatory cells, necrotic debris 
and secondary bacterial foci are formed. The 
dermis becomes oedematous. congested and in-
filtrated by inflammatory cells and superficial 
blood vessels are dilated (Whitehead et al.. 1974; 
Frigg and Torhorst, 1980). 
Leg Lesions 	 I 
Chondrodystrophy is the cause of the leg and 
bone abnormalities seen in biotin deficient birds. 
The condition is not specific to biotin; it can be 
brought about by deficiencies of various vitamins 
or trace minerals causing a retardation of devel-
opment in the proliferative zone of the growth 
plate of bones. Thus cartilage growth and chon-
drocyte maturation of the tibia and metatarsal 
bones in particular are reduced, resulting in 
impairment of the linear growth of these bones 
but not affecting lateral growth or bone minerali-
sation (Arends, 1970). Electron microscopy of 
the epiphyseal cartilage has shown several simi-
larities between biotin and manganese deficien-
cy. Thus the lacunae are missing and the collagen 
fibrils are longer and larger in diameter. There 
also seems to be a reduction in the number of 
large proteoglycan aggregates present (Stock. 
1981). 
Turkeys are especially susceptible to leg problems 
and two main abnormalities are most prevalent: 
shortened metatarsal bones and slipped tendons. 
This latter condition can occur when irregular 
bone development results in enlargement and 





tibia and proximal end of the metatarsus become 
twisted causing the joint to bow as in Figure 9. In 
mild cases, walking is difficult and the condition 
is often characterised under the general term of 
"leg weakness". More severe twisting of the joint 
causes the gastrocnemius tendon to slip laterally 
from its condyles with the result that the leg 
becomes twisted between 90 and 180 and the 
bird is crippled. Deficient chicks can develop the 
same type of bone abnormalities as poults, 
although in general they are less susceptible. Ten-
don slippage, for instance, is not an inevitable 
sequel to even severe deficiency in chicks. 
Figure 9: (houdrud ..tropli (t isted and shortened leg 
bones) in biotin deficient bird 
In both species, leg deformities can occur at any 
stage during growth and are influenced by pre-
vious nutritional history. Thus a deficiency dur-
ing an earlier developmental phase can result in 
problems becoming manifest later in life, even 
though the bird is by then being fed an adequate 
diet. For instance, Stock (1981) has shown that 
the biotin status of broiler breeders influences the 
incidence of leg weakness among the growing 
progeny. In turkeys, deficiency in young poults 
has been found to lead to leg problems much later 
in life (Jensen and Martinson, 1969). 
However, the converse does not apply: an ade-
quate biotin level in starter diets will not prevent 
leg problems from occurring if birds are subse-
quently given an inadequate diet. Unlike the der-
mal changes, leg lesions cannot be cured by biotin 
therapy. 
Other Changes 
Biotin deficiency can cause beak abnormalities in 
embryonic and hatched chicks. The upper beak 
may develop indentations as well as an excessive 
ventral curvature ("parrot beak") which may 
become so severe as to prevent the bird shutting 
its beak completely. Feathers are also affected: 
deficient chicks have rough and broken feather-
ing and head and breast feathers in particular 
often have a spiky, matted appearance. These two 
types of abnormality are illustrated in Figures 5 
and 6. 
Changes can also occur in tissue fatty acid com-
position. The proportion of palmitoleic acid in 
particular can increase, mainly at the expense of 
steanc acid, in adipose, liver and other tissues, 
although the extent of this change can be 
influenced by dietary fat and protein levels (Bal-
nave, 1966; Balnave and Brown, 1967; Roland 
and Edwards, 1971; Whitehead et al., 1976a). 
The increased unsaturation of tissue fats may 
adversely affect the processing of carcasses. 
Histological studies have not found obvious 
lesions in tissues other than skin (Whitehead et 
al., 1974). However, Frigg and Rohr (1978) 
observed stereological changes in liver, among 
which a reduction of 30% in rough endoplasmic 
reticulum was taken to be a morphological 
expression of decreased protein synthesis. 
Field Conditions 
Under commercial conditions, signs characteris-
tic of biotin deficiency have been observed more 
often in turkeys than in chicks. Disorders involv-
ing dermatitis and encrustations on the feet, 
angles of beak and eyelids, shortened, bowed legs 
with enlarged hocks, disturbed feathering and 
depressed growth have been prevented by the 
addition of biotin to the diets of both poults and 
breeding hens (Robblee and Clandinin, 1953; 
Richardson and Wilgus, 1967; Robblee and 
Clandinin, 1970). 
Swelling and ulceration of the foot pad similar to 
that seen in experimental biotin deficiency has 
been observed in chicks and poults and can be 
exacerbated by the softening of tissues caused by 
wet litter. Harms and Simpson (1975) have sug-
gested that marginal biotin deficiency is the cause 
and that, as a result of the foot lesions, birds sit 
dov'-. more and hence develop breast blisters. 
Biotin supplementation of diets has been ob-
served to reduce the severity of these lesions 
(Harms et al., 1977; Harms and Simpson, 
1977). 
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In general, many field cases of disorders resem-
bling biotin deficiency are probably multifacto-
rial in origin. For instance, several different types 
of disease can affect biotin status. Mycop1asni 
meleagridis infection in turkeys interacts with 
biotin and results in lesions of chondrodystrop/i 
similar to those seen in biotin deficiency (Bigland 
and Warenycia, 1978). More recently, it has been 
found that malabsorption syndromes caused by 
reoviruses can give effects such as leg weakness 
and tenosynovitis characteristic of deficiency of 
several vitamins, including biotin (Cook et al., 
1984a,b). Enteritis can also depress vitamin 
absorption. Other dietary factors may be in-
volved, such as mycotoxins which have been 
shown to impair vitamin status (Voigt et al., 
1981). There are even reports of unexpected 
occurrences of biotin deficiency where the other 
possible factors have not been identified (Glättli 
et al., 1975). In all of these situations, lack of 
dietary biotin may not have been the original 
cause, but the problems may respond to the pro-
vision of extra biotin. As an example of this, a 
field report has suggested that biotin treatment 
may be effective in decreasing the severity of 
bumblefoot in broiler breeders. This condition, 
characterised by erosion of the foot pad and 
swelling of the foot, probably involves a micro-
bial infection. However, dietary supplementa-
tion with 400 .tg biotin/kg over a six month 
period was thought to be effective in markedly 
decreasing the severity of this disorder. 
Fatty Liver and Kidney Syndrome 
Fatty liver and kidney syndrome (FLKS) is a 
metabolic disorder involving biotin which can 
occur in chicks, usually broilers, under commer-
cial conditions. It has been reproduced experi-
mentally both in broilers and, at a low incidence. 
in poults but has not been reported in the latter in 
the field. FLKS has occurred in many parts of the 
world, including Europe, North America and 
Australasia (Marthedal and Velling, 1958; Hems-
ley, 1965: Riddell et al.. 1971: Lohr. 1975). It 
affects chicks most frequently in the age-range of 
2 to 5 weeks and is characterised by a sudden 
onset. Thus birds can die within a few hours of 
showing the first signs of listlessness and unwill-
ingness to stand up or move (Figure 10). Under 
commercial conditions. mortality can be very 
variable, but outbreaks with mortalities ranging 
from 10 to 20% have occurred. Experimentally, 
levels of mortality of 20 to 30% have been repro-
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Figure 10: Moribund and dead broilers affected with FLKS 
The occurrence of the syndrome can be affected 
by several nutritional and environmental factors, 
such as dietary fat and protein levels, pelleted 
feed, temperature, stress, starvation and mater-
nal age and diet (Hemsley and Marshall. 1973: 
Whitehead and Blair, 1974a; Blair et al., 1975; 
Whitehead et al., 1975; Whitehead and Blair, 
1976; Balnave et al., 1977b). However, the factor 
most deeply involved is dietary biotin level and it 
has been found in practice that the syndrome can 
be prevented by providing an adequate amount 
of biotin in broiler diets (Payne et al., 1974; 
Whitehead and Blair, 1974b; Whitehead et al., 
l976a, b). 
Figure 11: Pale user and kidneN of broiler affected ss ith 
FLKS compared with normal 
FLKS is so named because the most obvious 
abnormality in affected birds is a paleness of 
livers and kidneys, shown in Figure 11, caused by 
excessive accumulations of fat (Marthedal and 
VeIling. 1958; Laursen-Jones, 1971). Histologi-
cal studies show that the accumulation of lipid in 
the kidney is pronounced and principally in the 
proximal convoluted tubules (Figure 12). How-
ever, despite the name of the syndrome, the fatty 
infiltration is not confined to liver and kidney but 







Figure 12: Kidney sections of (a) normal and (b) 
FLKS-affected broiler showing accumulations of lipid (red). 
(Courtesy of Dr P.A.L. Wight) 
Figure 13: Adrenal sections of (a) normal and (b) 
FLKS-affected broiler showing depletion of catecholamines 
(yellow). (Courtesy of Dr P. A. L. Wight) 
heart, several regions of the alimentary tract, 
certain fibres in limb muscles, autonomic plexus, 
pancreas, adrenal, thyroid and some white blood 
cells (Wight and Siller. 1975). The adrenal gland 
is also depleted of catecholamines, as shown in 
Figure 13 (Wight, 1975). Plasma free fatty acid 
levels are elevated and the infiltrated lipid is 
mainly triglyceride containing an abnormally 
high proportion of palmitoleic acid (Evans et al., 
1975; Whitehead, 1975). 
Despite the extensive nature of the abnormalities 
in lipid metabolism, these are secondary effects; 
the principal lesion lies in carbohydrate metabo-
lism. The most pronounced biochemical change 
in affected birds, and the likely cause of death, is a 
severe hypoglycaemia. This is brought about by 
several factors. When dietary biotin is limiting, 
hepatic pyruvate carboxylase activity becomes 
depressed (Bannister et al., 1975; Bannister, 
1976; Hood et al., 1976). If other aspects of the 
diet, such as fat or protein level, stimulate lipo-
genesis and hence a requirement for acetyl CoA 
carboxylase activity, hepatic pyruvate carboxy-
lase activity may become further depressed to 
such an extent that it can virtually disappear 
(Whitehead et al.. 1978). Despite this lack of 
hepatic gluconeogenesis via pyruvate, birds can 
thrive under normal conditions, their require- 
ment for glucose being met by digestion of car-
bohydrate and from other metabolic sources, 
including glycogen. However, glycogen reserves 
are small in young birds and can be largely 
depleted by a fast of a few hours. Hence, if birds 
are deprived of food or subjected to a stress which 
accelerates glycogenolysis or interrupts their 
feeding behaviour, the rapid depletion of glyco-
gen results in the onset of hypoglycaemia (Ban-
nister et al., 1979). Lactate released during glyco-
lysis in muscle accumulates in blood plasma and 
hepatocyte cytoplasm, producing a reduction of 
the cytoplasmic NAD:NADH ratio. Bannister 
and Cleland (1977) have suggested that this in 
turn inhibits gluconeogenesis from glycerol, a 
physiologically important precursor, by inhibit-
ing conversion of glycerol  phosphate to dihy-
droxyacetone phosphate. The hypoglycaemia 
thus becomes progressively more severe; the 
accumulation of lactate probably results also in 
an acidosis (Balnave et al., 1977a) and the bird 
eventually dies. The characteristic lipid changes 
probably occur as a response to these changes. 
This sequence of events is illustrated in Fig-
ure 14. 
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Figure 14: Metabolic events involved in the occurrence of FLKS 
In the presence of adequate amounts of biotin, 
hepatic pyruvate carboxylase activity remains 
high and the collapse of gluconeogenesis cannot 
occur. Thus FLKS is not caused by biotin defi-
ciency alone, but arises when a biotin insuffi-
ciency leaves the bird in a condition such that 
the syndrome can be triggered by environmental 
factors. 
5.1.2 Adult Birds 	 I 
Few effects of biotin deficiency become apparent 
in adult birds themselves. Hens fed virtually bio-
tin-devoid diets have gained weight normally and 
not developed lesions or suffered an increase in 
mortality (Cravens et al., 1942; Brewer and 
Edwards. 1972). In contrast, turkey hens fed a 
biotin-depleted diet for a prolonged period had a 
reduced blood erythrocyte count and developed 
mild lesions on the feet and around the mouth 
(Ferguson et al., 1961). However, reproductive 
ability in both species can be severely de-
pressed. 
Egg Production 
The evidence on whether lack of biotin can inhib-
it rate of egg production is equivocal. Cravens et 
al. (1942) and Brewer and Edwards (1972) report-
ed that hens were able to maintain egg production 
when fed diets containing little or no biotin. 
Bradley et al. (1976) did observe a small response 
in egg production of Leghorn-type hens to biotin 
supplementation of a practical diet but, in con-
trast, Whitehead (1980) in a much larger experi-
ment did not obtain any response in egg produc-
tion of a similar strain fed a practical diet con-
taining a relatively low amount of biotin. Evi-
dence of strain effects has been reported by Lee-
son et al. (1 979a) who found that egg production 
of Rhode Island Red hens was diminished with a 
diet not containing supplemental biotin whereas 
production of Leghorns was not affected. Further 
evidence that heavier birds may respond differ -
ently has come from observations on feed-
restricted broiler breeders that egg production 
was slightly depressed with a low-biotin diet, 
especially when the diet contained a relatively 
generous proportion of protein (Whitehead et al., 
1985). 
Biotin can influence egg quality. Albumen quali-
ty, as measured by Haugh Units, has been 
observed to be lower with a low-biotin diet 
(Whitehead. 1980). The biotin content of the yolk 
is also depressed and this can have severe effects 
on embryonic development and hatchability. 
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Embryonic Development 
There are two peaks of mortality in embryos from 
deficient hens, one after about 3 days in incuba-
tion and the other between 18 and 21 days. Char-
acteristic skeletal abnormalities can occur in 
embryos dying towards the end of the incubation 
period or in hatching chicks. Wing and leg bones 
are shortened owing to chondrodystrophy and 
are frequently bent, resulting in slippage of the 
gas! rocnemius tendon. "Parrot beak" and syndac-
tyly have also been observed (Cravens et al., 
1944; Couch et al., 1947; 1948). 
Hatchability 
Hatchability is related to yolk biotin content and 
can fall to zero if the yolk content becomes suf-
ficiently low. Yolk biotin content is very respon-
sive to changes in dietary biotin content and as a 
result hatchability can be restored to normal 
within 2 to 3 weeks by giving hens sufficient 
biotin. With a marginally deficient diet, total 
hatchability may be almost normal but the chicks 
may show an increased incidence of abnormali-
ties so that hatchability in terms of commercially 
acceptable chicks is still depressed (Whitehead et 
al., 1985). 
Chick Viability 
An adequate carry-over of biotin to the hatching 
chick is important for its subsequent growth and 
viability. Chicks hatching from deficient eggs 
show similar skeletal abnormalities to those seen 
in deficient embryos. Other abnormalities may 
also occur which prevent the chick standing: stiff-
ness of the hock joint may cause the legs to extend 
to the rear or the legs may protrude to the sides. 
Deficient chicks have decreased growth potential 
and increased mortality even when fed diets of 
adequate biotin content (Brewer and Edwards, 
1972). More subtle effects may also occur. Thus 
chicks hatching with marginal biotin status may 
be outwardly normal but may have developed a 
minor defect in bone formation which becomes 
accentuated as the bird grows. An example of this 
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leg weakness in broilers (Stock, 1981) 
comes from a study (Stock, 198 1) in which broiler 
breeder hens were given diets of different biotin 
content (Figure 15). The diets had no effect on 
egg production or hatchability, but chicks from 
hens receiving less biotin showed a higher inci-
dence of chondrodystrophy during subsequent 
growth. Mortality from FLKS can also be 
decreased by increasing the maternal biotin 
supply (Whitehead and Blair, 1976). 
The age of the hen can have an important effect 
on hatching chick biotin status and viability. 
Younger breeder hens have lower plasma biotin 
levels and incorporate lower concentrations of 
biotin in the egg yolk. Chicks hatching from these 
eggs thus have a lower biotin status than those 
from older hens and have poorer growth poten-
tial and viability if the parental diet contains an 
inadequate amount of biotin (Whitehead et al., 
1985). A similar effect of age of hen on yolk biotin 




5.2 Deficiency in Pigs 
5.2.1 Experimental Deficiency 	I 
Signs of deficiency can be induced experimental-
ly by feeding pigs on deficient diets; the younger 
the pigs are, the more readily the clinical signs 
will develop. Thus in suckling pigs fed a synthetic 
milk devoid of biotin, dermal lesions were 
observed to form initially on the ears, neck, top of 
shoulders and tail before spreading ultimately 
over the entire body (Lehrer et at., 1952). Ulcers 
developed on the neck and there was a general 
loss of hair. Cracking and bleeding occurred on 
the soles of the hooves, making walking pain-
ful. 
In weaning pigs, severe deficiency can be brought 
about by including raw egg white in the diet 
(Cunha et at., 1946; Glättli et al., 1975; Geyer et 
at., 1981; 1984). Effects of the deficiency can 
include decreases in growth and feed conversion 
efficiency and changes in skin, hooves, body 
composition and reproductive performance. 
The surface of the skin becomes dry and scabby 
(Figure 16); these lesions are similar to those 
caused by zinc deficiency but do not respond to 
zinc. Fissures, erosions and pustules then appear, 
to be followed by encrustations and a brown waxy 
exudate, especially at the angles of the eye and 
mouth and on the feet, particularly at the pen-
ople/coronet and the soft heel. Ultimately, deep 
cracks may form under these necrotic encrusta-
tions. The tongue may also be affected; a white 
film gradually forms on the surface and as it 
thickens transverse cracks may appear in the 
mucous membrane of the mouth and the oeso-
phagus. Histologically the dermal lesions are 
characterised by hyperkeratosis and parakerato-
sis (Pohlenz, 1974; Glättli et at., 1975). 
I - iguiv I: 	'kill iliiJl 	lilt ,prllllelliaI hiittn dtiiiilIL pig; 
note extensive hair loss, dry skin and formation of fissures 
and scabs 
The first change on the feet is in the texture of the 
foot pad and/or the periople. This becomes soft 
(Whitehead et at., 1980) or crumbly (Geyer et al., 
1981; 1984) and the horn loses strength and 
resistance to wear and tear (Geyer and Tagwerk-
er, 1986; Geyer et at., 1984). Then the horn on the 
foot pad becomes rubbery, but the extent to 
which lesions subsequently develop is dependent 
upon the abrasiveness of the floor surface. Often 
the lesions start as small erosions and necrotic 
cracks in the skin of the soft sole and the periople 
that may lead to irritation and infection. When 
the animals are kept on rough floors, these cracks 
can become very deep with practically the whole 
skin of the foot pad sloughed off, as is shown in 
Figure 17. In the peniople and heel horn, necrosis 
of the peripheral stratum corneum (as shown by 
widening of the tubules and their filling with 
pycnotic detritus of cell nuclei) and disappear-
ance of the ATP-ases in the cells near the basal 
layer have been seen. These enzymes are in-
volved in transport processes and may be 
required for maturation of keratin (Geyer et at., 
1984). In deficient pigs, a higher incidence of 
cracks develop on the claw itself, both on the sole 
wall and periople/coronet, particularly at junc-
tions of hard horn and soft tissues. The side wall 
of the horn show has been shown to be physically 
less resistant to abrasion (Webb et at., 1984). 
Figure 17: F out lesions on eperiuientaI biotin delicient pig 
note deep transversal cracks in soft heel 
These foot lesions, particularly when the subcutis 
also becomes inflamed, make the animal lame 
with the result that feeding and breeding activ-
ities become affected adversely (Cunha et al., 
1946; Adams, 1973; Glättli et al., 1975). 
Biotin deficiency also causes compositional 
changes in tissues, particularly in fatty acid com-
position. The proportion of the unsaturated acids 
increases, as shown in Table 1. In consequence 
adipose tissue becomes softer (BUhlmann, 1973; 
Streiffet al., 1978; Brooks and Simmins 1980; 
1983) and takes on an unattractive appearance. 
This softness also makes meat and lard more 
difficult to process. 
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5.2.2 Field Conditions 	 I 
Lesions resembling those seen in experimental 
biotin deficiency were first reported in commer-
cially-reared pigs in 1968 in North America 
(Cunha et al., 1968). Since then there have been 
reports from many parts of the world of field 
cases resembling biotin deficiency. In many of 
these cases, foot lesions have been the most 
obvious problems. On a world-wide basis foot 
lesions or foot rot are very common diseases of 
pigs. It is undoubtedly true that foot lesions can 
arise from several causes and it would therefore 
be unrealistic to suppose that they would always 
respond to biotin treatment. Nevertheless, in a 
very high proportion of documented cases, field 
problems resembling experimental biotin defi-
ciency have responded to treatment with biotin, 
either on a herd basis or groups in well-controlled 
trials. 
These responses, together with the low biotin 
status established at the outset in some problem 
herds, leaves little doubt that biotin deficiency 
can occur widely in pigs kept under modern com-
mercial conditions. Several factors relating to pig 
husbandry have been changing over the years in 
ways that might be expected to decrease the nat-
ural intake of biotin or to increase the animal's 
requirement. 
For instance, in many parts of the world there has 
been a move to simpler diets, often based on 
feedstuffs relatively low in available biotin. Feed 
conversion efficiency and productivity of the ani-
mals have also increased over the same period, 
with the result that biotin intake per unit of 
production has declined markedly. Figures for 
the United Kingdom suggest that between 1967 
and 1976 the total provision of biotin per weaner 
reared to 8 weeks of age fell by about 27% 
(Brooks, 1978). Modern management systems, 
such as slatted floors, individual pens and tether-
ing have further decreased the opportunity for 
biotin reingestion by coprophagy. In view of 
these trends, it is therefore perhaps not surprising 
that biotin deficiencies have arisen in practice. 
The following sections document how clinical 
lesions, most commonly foot lesions, have re-
sponded to treatment with biotin. As might have 
been expected, alleviation of foot problems by 
biotin has resulted in reproductive improve-
ments in terms of the ability of animals to mate. 
More unexpected has been the observation that 
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other reproductive traits, such as rate of return to 
oestrus and larger litter size, have also improved. 
This may be taken to be indicative of a more 
widespread occurrence of subclinical biotin defi-
ciency. 
Skill I &SiOIh. 
kiii abiiuii 	 h 	\ 	C\ 	 pi- 
keratosis, seborrhoic eczema and hair loss al: 
seen in commercially-reared pigs. Although the 
conditions are not always biotin responsr 
(Comben, 1978), there are many reports of lick: 
trials where these lesions have improved afici 
biotin treatment (Cunha et al., 1968: Halama. 
1979; Gutierrez, 1984). Thus the severity of der-
matitis has diminished and the number of hairs 
per unit area of skin has increased, although these 
changes have sometimes come about only grad-
ually in response to addition of biotin to the diet 
(Bryant et al., 1985c). However, these lesions 
have responded more quickly when biotin was 
provided by injection (1 mg/ 10 kg body weight) 
(Glättli, 1975; 1976). 
Sometimes skin lesions are compounded with 
infection. In the Greasy Pig Disease. an  exuda-
tive dermatitis is promoted by infection with 
Staph viococcus hvicus. However, generous sup-
plementation of sow and piglet diets with biotin 
can increase the resistance of the animals to 
infection (Stuker and Glättli, 1976; Gillespie, 
1982; Fox, 1983). 
Foot Lesions 	 I 
Foot lesions in breeding herds are often a severe 
problem, especially in animals housed intensive-
ly and the ensuing lameness can result in high 
culling rates (Penny et al., 1963; Fritschen, 1979). 
The lesions often appear to be dependent upon 
both environmental and nutritional factors. For 
instance the lesions can be very severe in animals 
kept on abrasive surfaces (Penny et al.. 1963: 
Jensen, 1979: Bryant et al., 1985c: Lepine et al.. 
1985) and indeed such a condition has been 
named "concrete disease" (Bujas et al., 1974). 
Wet conditions underfoot may also enhance the 
problem, since a feature of affected hooves in 
softness and rubberyness of the horn. The nutri- 
tional factor most heavily implicated is biotin 
and there are now many reports of field cases 
where lesions of the type shown in Figure 18 have 
responded to biotin treatment. 
rconcrete disease') 
Restoration of Foot Health 	 I 
Reports of improvements in cracks and other 
lesions in the hoof following biotin treatment 
have come from many countries. In Yugoslavia, 
where concrete disease was resulting in the pre-
mature culling of 25% of breeding sows, severe 
lesions on the soft sole were healed within a 
month by twice weekly injections of biotin (5 mg) 
and the addition of 500 jig biotin per kg of feed 
(Bujas et al., 1974). Injections alone helped the 
lesions regress, though not so quickly as the com-
bined treatment. On Swiss farms, claw lesions 
improved when biotin was given at a rate of 5 mg 
per sow per day over a period of 8 weeks (Glättli, 
1975). 
In the United Kingdom, a breeding herd was 
observed to have an increasing problem of lame-
ness (Brooks et al., 1977). Foot lesions involved 
cracking of the hard horn of the toe and side walls 
and erosion and cracking of the heals in the places 
indicated in Figure 19a. Some of the animals 
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Figure 19a:Classification of hiutin-responsise foot lesions seen in pigs (Brooks et al., 1977) 
stood with a hunched back. Half of the herd was 
given supplemental biotin at a rate of 250 jig/kg 
in the pregnancy diet and 150 jtg/kg during lac-
tation. After 6 months, these animals showed a 
28% reduction in overall foot lesions compared 
with a small increase in the control group. In 
some subsequent field cases in U.K., higher dose 
rates of biotin were adopted, with more profound 
results. Thus in a herd where more than 50% of 
sows were badly lame, a considerable improve-
ment in foot health was seen within 6 weeks of 
supplementing the feed with 2 mg biotin/kg 
(Comben, 1978). After 2 months, the animals 
were no longer lame and, although lesions could 
still be seen on the outer surfaces of the hooves, 
the horn was harder and less tender than pre-
viously. In contrast, another herd with estab-
lished foot lesions did not show a benefit from 
biotin supplementation although guts introduced 
as replacements did benefit from the extra biotin 
(Penny et al., 1980). Similar observations were 
made by Schulze and Frigg (1986), who reported 
that biotin treatment decreased the incidence of 
claw lesions in gilts from 41 to 9% over a 6-month 
period; fattening pigs, however, responded more 
slowly. 
In USA, sows fed maize-soy or wheat-soy diets 
had fewer heel, horn and wide wall cracks when 
supplemental biotin was given (220 jig/kg during 
growth and 440 jig/kg during gestation and lacta-
tion) (Bryant and Kornegay, 1984; Bryant et at., 
1985c). Other beneficial responses of foot lesions 
to biotin have been reported from Denmark 
(Pedersen and Udesen, 1980). Switzerland (Fig-
ure 19b), Holland (de Jong and Sytsema, 1983), 
South Africa (Spencer, 1985), Australia (Kopins-
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Figure 19b: Incidence and sererit\ of spontaneous 
claw lesions in replacement guts decreased by biotin 
supplementation (Triebel and Lobsiger, 1979) 
In contrast to the chicken, where the provision of 
nutritionally normal amounts of biotin results in 
a ready heating of foot lesions, it is apparent from 
these reports in the pig that foot lesions respond 
only slowly, and frequently only partially, to very 
large doses of biotin. It has been observed that the 
incidence of debilitating claw lesions increases 
with the age and weight of the pigs. From the 
results of several closely controlled studies it 
appears to be more practical to provide sufficient 
biotin to prevent the development of claw lesions 
in gills rather than to rely on treatment of severe 
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lesions (Triebel and Lobsiger. 1979): Pedersen 
and Udesen, 1980; Penny et al.. 1980: de Jong 
and Sytsema, 1982; Brooks and Simmins, 1981). 
Once these lesions become well established, par-
ticularly in a heavy animal, it is likely that the 
effects of infection and continued abrasion com-
bine to decrease the effectiveness of biotin in 
tissue regeneration. 
The role of biotin in restoring and maintaining 
hoof integrity is partially understood. Biotin has 
no influence on the size of toes (Bryant and Korne-
gay. 1984) but does facilitate the development of a 
normal pliable resistant epidermis on the toe 
(Geyer et al., 1984). Moreover, biotin increases 
the compressive strength and hardness of the hoof 
wall, especially the mid abaxial side wall (Webb et 
al.. 1984: Simmins and Brooks, 1985). In contrast 
the hardness of the leading edge does not seem to 
be affected (Simmins and Brooks, 1985: Webb et 
al.. 1984). In view of the faster growth rate of hoof 
horn in growing gills than in mature sows, and the 
smaller absolute size of horn in the former (Geyer 
et al., 1984), it is therefore only to be expected that 
foot lesions in younger pigs would respond more 
rapidly to biotin. 
Reproduction 	 I 
Apart from improving breeding success by curing 
lameness, biotin supplementation of sow diets 
has also been found to improve individual repro-
ductive performance (Cunha et al., 1968: Brooks 
et al., 1977: Brooks, 1983: Simmins, 1986). 
Experimental studies have confirmed that repro-
ductive ability is depressed by biotin deficiency 
(Misir and Blair, 1984c, d). Thus sows fed a diet 
containing egg white had smaller litters (7.9 vs 
9.8 piglets/saw) and took longer to return to oes-
trus after weaning (in some cases more than 21 d) 
than controls fed a biotin supplemented diet. The 
deficient sows also showed characteristic skin 
and foot lesions. There is now a considerable 
body of evidence from field trials and university 
studies to confirm that supplemental biotin can 
improve the breeding success of sows: these 
responses have been observed in some herds 
showing clinical abnormalities characteristic of 
biotin deficiency and in other herds where there 
were no overt signs. 
The three main reproductive improvements ob-
served in field trials have been in litter size (both 
farrowed and weaned), interval from weaning to 
first oestrus and speed of conception. In most of 
the trials where responses to biotin have been 
seen, improvements in both litter size and rate of 
return to oestrus have occurred. The faster return 
to oestrus is often the most noticeable response 
but the increase in litter size has also been quite 
marked in some studies. The results of several 
studies showing positive reproductive responses 
to biotin are summarised in Table 2. 
Many of the trials on reproduction that have 
shown responses in litter size have been carried 
out over only one parity. However, several stud-
ies have been carried out over several parities and 
all have shown that positive responses in litter 
size to biotin were more obvious in subsequent 
parities than in the first, as shown in Table 3. 
These observations would suggest that guts may 
come into reproduction with some biotin re-
serves which, however, become depleted over the 
first parity. Thereafter extra biotin is required to 
sustain optimum reproduction. When improve-
ments in both litter size and rate of return to 
oestrus are taken into account, it can be seen that 
considerable benefits in terms of total numbers of 
piglets produced per sow can result from supple-
mentation throughout the reproductive life of the 
sow. 
These beneficial responses have been observed in 
sows fed a variety of practical diets. Staple cereals 
have included maize (Bryant et al., 1985c), sorgh-
um (Tribble et al., 1983: Gutierrez, 1984), wheat 
(Bryant et al., 1985c) and barley (Simmins and 
Brooks, 1983), with soybean meal or animal pro-
teins as the protein sources. The diets could be 
calculated to contain from 50 to about 150 lig 
available biotin/kg. Other studies involving basal 
diets within the same range have not shown 
responses to supplemental biotin (e.g. Hamilton 
and Veum. 1984). However, there is now a suffi-
cient weight of evidence to show that many prac-
tical diets based on commonly-used ingredients 
do not contain sufficient biotin to permit opti-
mum reproductive performance in sows. 
26 
I 
# No  
'p 	 k 
IBrooks et at (1977) 1 	42 1 3 1250 I 	95 110.0 115.3 vs 6.2 
lB ryant etaI. (1985b) 1116 1 4 1440 I 	3.0 1 	6.0 115.4 vs 10.2 
IEaster et al. (1979) 1 	42 11 1200 114.1 114.9 






8.8 vs 6.2 
8.8vs6.2 








IPedersen and Udeson (1980) 	1140 Ii 1200-400 I 	4.2 	I 8.0 110,8vs8.9 
Penny et a). (1981) 	 1116 1 5 1525 I 	5.4 	I I 8.2vs8.9 
Robres and de la Calera ( 198 1) 	1120 Ii 1200 I 4.3 I - 	115.2 vs 15.0 
Simmins and Brooks (1983) 	1 90 	1 4 1350 1 2.0 3.4 	111.9  vs 9.0 
ITribble etal. (1983) 	 I 53 	1 4 1220 1 7.8 	I 9.5 	I 7.8vs8.1 
IVan der Heyde (1983) 	 1232 11 1220 1 2.7 Isame 
-1 able 2: Improvements in r)ruduct I t. lkrfurIn Inc of "m is 0 fT Ii d icfar hiotin supplcriIcntal on 
4 
1 	
A' rq/ 	/ 
Bryant etal. (1985b) Control 9.7 9.7 10.2 10.7 
+ 440 pg/kg 8.4 10.3 11.0 11.4 
Simmiris and Brooks (1983) Control 9.5 9.3 11.4 10.6 
+ 350 pg/kg 8.9 10.2 11.4 11.3 
Penny et a). (1981) Control 11.0 8.8 8.0 9.3 
+ 1160 pg/head/day 8.3 12.0 11.4 11 .8 11.0 
Tribble etal. (1983) Control 8.2 8.0 10.0 9.5 
+220pg/kg 8.0 
1 	
8.8 10.5 11.2 
Table 3: Infiutncc of stippleinewal loin on the number of live pigs born in Iuc1'it p,tritic 
27 
53 Deficiency in Fur-bearing Animals 
5.3.1 Mink and Foxes 	 I 
Biotin is an important nutrient in the commercial 
rearing of these species since alopecia and achro-
motrichia resulting form a deficiency are espe-
cially unwelcome in animals whose fur quality is 
important. Feeding mink on diets containing raw 
poultry offal has given rise to a deficiency condi-
tion, sometimes termed "turkey waste greying", 
caused by the presence of avidin in untreated egg 
remains (Stout et al., 1966). This avidin can be 
denatured by heating the egg products for 5 min-
utes at 95*C. 
Experimental biotin deficiency can be induced in 
mink and foxes by feeding raw egg white. A 
general dermatitis characterised by hyperkerato-
sis occurs and a yellowish exudate may appear on 
the skin. Inflammations and exudations appear 
at the mouth, nose and eyes. Abnormalities on 
the feet include crusts on the undersurfaces and 
fragile nails; the walk becomes unsteady. Charac-
teristic changes also take place in the fur. Failure 
of normal pigment development results in the 
underfur becoming greyish-white as shown in 
Figure 20. Degenerative changes occur in the hair 
follicles and moulting takes place, assisted by fur 
and tail biting (Helgebostad et al.. 1959; Travis et 
al., 1968). Reproductive failures and severe 
degenerative fatty infiltration of the liver can also 
occur in deficient mink. 
fr 
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(Courtesy of Dr Z. R&inski and M. Duda)  
In cases of severe deficiency, perhaps com-
pounded by infection, "wet belly" can occur, 
usually in males, when urine dribbles onto belly 
fur giving it a matted and stained appearance 
(Helgebostad et al., 1959; Gunn, 1962). 
5.3.2 Cats 	 I 
Biotin deficiency has been induced in cats by 
feeding diets containing raw egg white (Carey and 
Morris, 1977). The signs were similar to those 
seen in other mammals. The first indications 
were the accumulations of dried secretions 
around the mouth, nose and eyes. Alopecia 
appeared first at the extremities and gradually 
progressed over the whole body. Hair loss in the 
facial area gave the "spectacle eye" appearance. 
The hair coat was also affected with achromatri-
cia and the skin developed a generalised scaly 
dermatitis. Food consumption and growth were 
markedly depressed. A possible differential re-
sponse of the sexes was observed, since a male 
lost subcutaneous fat more readily than females 
but was not so affected with the dried secre-
tions. 
Diets low in biotin but not containing egg white 
were not found to give overt signs of biotin defi-
ciency (Carey and Morris, 1977). Nevertheless 
clinical cases of cats suffering from skin disorders 
such as eczema and alopecia have been found to 
respond to biotin treatment, although it is not 
known whether these conditions were caused mi-
tiafl\ I)\ hoin dctici' 
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5.3.3 Dogs 	 I 
Effects of biotin deficiency in dogs would appear 
to resemble those encountered in other furred 
animals. Thus extensive clinical trials on dogs 
affected with a variety of disorders have shown 
that treatment with biotin was most effective in 
preventing hair loss. Other improvements noted 
included the hair becoming a better colour, more 
shiny and less brittle and the curing of scaly 
dermatitis and eczema (Glättl I et al., 1975: Geyer 
et al., 1984; Schulze and Frigg, 1986). These 
disorders appeared to have been nutritionally-
induced and may have been related to diets of low 
biotin content based on meat and cereal prod- 
ucts, with gastric disorders as a possible compli-
cating factor. However, even in ostensibly 
healthy animals, improvements in hair quality 
and fur shine have been observed after adminis-
tration of extra biotin. 
Progressive ascending paralysis is a specific con-
dition in dogs involving biotin. The dog becomes 
weak, then a paralysis starts in the hind legs and 
spreads to the fore legs and neck. The animal 
finally dies of respiratory failure. The condition 
is caused by a combination of biotin and potas-
sium deficiencies and can be cured rapidly by the 
administration of potassium chloride or more 
slowly with biotin (Smith, 1945; 1946). 
5.4 Deficiency in Cattle and Sheep 
Biotin deficiency can be induced in young rumi-
nants by feeding diets containing avidin. Thus 
calves fed on a milk replacer supplemented with 
4% albumen had a depressed growth rate and a 
hair coat that was dull and stiff. Hooves were soft, 
with a tendency to crack and the animals scoured 
(Hurstel, 1 982). However, the hind leg paralysis 
reported by Wiese et al. (1946) has not been 
observed in other studies and may involve a 
combination of biotin and potassium deficien-
cies (Flipse et al., 1948), as reported for dogs. The 
spontaneous occurrence in calves of symptoms 
resembling those of biotin deficiency in other 
mammals, including reddening and scaliness of 
the skin and extensive hair loss, has been report-
ed to respond to the administration of biotin 
(Rodriguez, 1979). 
In adult ruminants, extensive synthesis of biotin 
and other B vitamins occurs in the rumen and as a 
result there is uncertainty as to whether, or to 
what extent, these animals can experience a bio-
tin deficiency. There are times, such as in early 
lactation, when the demand on biotin-dependent 
pathways of carbohydrate metabolism and fat 
synthesis might be expected to be high. There are 
also conditions, such as bovine fatty liver, which 
resemble the abnormalities seen in Fatty Liver 
and Kidney Syndrome in chickens. However, 
biochemical studies have not suggested that bio-
tin dependent pathways are inadequate in these 
situations, at least as judged by pyruvate carbox-
ylase activation coefficients in bovines (Roberts 
and Baggott, 1982). However, in sheep, possible 
evidence of insufficient biotin for gluconeogene-
sis in fasting pregnant ewes close to lambing has 
come from an increased rate of glucose synthesis 
observed following biotin administration 
(Kempton et al., 1978). 
Plasma biotin concentrations in cows can be 
quite variable, in the range 300 to 800 .tgIl, and 
these and milk concentrations can be raised by 
feeding additional biotin. However, responses in 
milk output or quality or in fertility have not been 
observed (Roberts and Baggott, 1982; Cooke and 
Brumby, 1982). Thus, from the point of view of 
these metabolic and productive criteria, there is 
little evidence that ruminants experience biotin 
deficiency. However, there is evidence that bio-
tin plays a role in the hoof lesions frequently seen 
in adult cows, since lameness associated with 
problems of soft horn tissue was considerably 
depressed when affected animals were given 
extra biotin (Cooke and Brumby, 1982). 
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Figure 21: Right fore hoof of hope prior to ireatinent with 
biotin (Comben et al.. 1984) 
Figure 22: Right fore hoof of same horse after 
administration of 15 mg biotin/day for 5 months 
(Comben et al., 1984) 
5.5 Deficiency in Equines 
Experimental biotin deficiency has not betij 
reported in equines. However, cases of weak. 
friable hoof horns occur in horses. In view of 1k 
success of biotin in curing hoof lesions in pig. 
similar treatments have been tried with horsc 
and have been found to be effective. Case hisi 
ries of several horses with longstanding ho 
problems, characterised by soft, crumbling hoi 
dished hooves, low heels, tender feet and thro'.\ ii 
shoes have been reported (Comben et al., 1984). 
After 6 months of treatment with biotin at a rate 
of 15 mg/day, marked improvements in hoot 
quality were observed. The hooves had a better 
shape, the heels were deeper and the walls and 
edges of the horn were stronger with the result 
that shoes could be affixed more securely. The 
changes in appearance are shown in Figures 21 
and 22. 
im- b 
These improvements occurred faster than could 
be explained by the growth of new, stronger horn. 
It thus seems that, as in the pig, biotin can initiate 
processes within the hooves of horses that protect 
the sensitive tissues and strengthen the horn of 
the lower parts of the hoof walls. However, the 
mechanism for this is not yet known. 
It is uncertain whether these cases represent bio-
tin deficiency or a biotin-responsive abnormali-
ty. The treatment level of biotin is high in relation 
to normal nutritional levels and is related to the 
weight of the animal; for heavy horses up to 
30 mg biotin/day may be required whereas 5 to 
10 mg/day may be sufficient for ponies and don-
keys (Comben et al.. 1984). Hurtienne (1985) and 
Wintzer (1986) supplemented many racing and 
trotting horses with 3.1-3.7 mg biotin per 100 kg 
bodyweight up to 10 months. Biotin did not 
increase hoof growth but corrected various hoof 
problems such as brittle hoofs, too-frequent shoe-
ing and recidivous hoof cracks. 
The duration of the supplementation is deter-
mined by the period of growth of hoof horn. 
From the coronet downwards, the new horn takes 
9-12 months to grow, at the front of the hoof 
wall; at the side 6-8 months; and the sole and frog 
2-4 months. Responses have been observed in 
many other cases in West Germany, Switzerland, 
Greece, U.K. Australia, Brazil and the USA, and 
it is now apparent that biotin is an important 
nutrient for hoof quality in equines. 
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5.6 Deficiency in Fish 	 I 
Biotin is an essential nutrient for fish and signs of 
a deficiency can be induced by including raw egg 
white in the feed. In salmon, trout and carp 
growth rate, feed conversion and swimming 
stamina are reduced (Ogino et al.. 1970; Poston, 
1976). Pathological effects include darkening of 
the skin, atrophy of muscle and pancreatic tissue, 
lesions in the colon, degeneration of the gills, 
enlarged pale livers and spastic convulsions. In 
blood, anaemia and ervthrocvte fragmentation 
occur (McLaren et al., 1947; Halver, 1957; 
Castledine et al., 1978). Effects in the liver 
include reductions in the activities of biotin-
dependent enzymes, decreases in lipid levels, 
changes in fatty acid composition and accumula-
tion of glycogen (Poston and McCartney. 1974; 
Castledine et al., 1978). 
Growth rate of deficient eels is also depressed 
and they can adopt an abnormal swimming pose 
(Arai et al.. 1972). 
"Blue slime" or "slime patch" is a seasonal con-
dition that can cause high mortality in brown 
trout and can also affect brook and rainbow trout 
to a lesser extent. When it occurs, the body of the 
fish becomes enveloped in a bluish membrane, 
some of which eventually sloughs off, giving the 
fish a "patchy" appearance. Affected fish become 
listless, lose their appetite and die. The condition 
is caused by biotin deficiency and can be induced 
experimentally by feeding raw egg white. Brook 
trout are especially susceptible since they are 
reported to have a higher requirement for biotin 
than other species (Phillips et al., 1947; 1950). 
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6 Biotin Requirements 
The amount of biotin an animal requires in its 
diet to meet its metabolic requirements can 
depend upon several factors. 
Intestinal Microflora 	 I 
Intestinal microorganisms are able to synthesise 
many B vitamins, including biotin. But there are 
also microorganisms such as Lactobacillus and 
Pseudornonas that consume biotin present in the 
chymus and thus compete with the host for bio-
tin. In the large intestine or caeca, however, the 
biotin concentration of the contents is very much 
enhanced. On the assumption that much of this 
biotin could be absorbed directly, many early 
studies on biotin deficiency involved the feeding 
of sulpha drugs (e.g. sulphaguanidine, sulphasux-
idine) to eliminate biotin-synthesising coliform 
organisms. However, with the identification of 
biotin responsive conditions in several classes of 
farm animal, it is apparent that the direct contri-
bution of microbial biotin is negligible in some 
animals and may not be so important for others 
as has been thought previously. 
Experiments have confirmed the low utilisation 
of microbial biotin in some species. In chicks, 
deficiency signs were found to be no more severe 
in germ-free than in conventional chicks fed a 
biotin deficient diet (Coates ci al.. 1968). Sunde 
et al. (1950) even found that the depletion period 
was prolonged when caecectomised hens were fed 
a deficient diet and postulated that biotin using 
and absorbing microorganisms became estab-
lished in the caeca. 
A similar situation exists in the pig. A consider-
able synthesis of biotin occurs in the caecum and 
large intestine, but the animal does not benefit 
from this if coprophagy is prevented (Kopin ski et 
al.. 1983). Two factors probably contribute to the 
lack of absorption of the intestinally-synthesised 
biotin. Firstly, the biotin is produced within bac-
terial cell walls and is thus protected from the 
digestive and absorptive processes. Secondly. the 
first quarter of the small intestine is the major site 
of absorption of dietary biotin whereas microbial 
biotin is produced in the lower parts of the diges-
tive system. The poor ability of the hind gut to 
absorb biotin is shown by the absorption of only 
10% of radioactive biotin in solution infused into 
the large intestine (Drochner and Völker. 
1984). 
The situation in monogastric animals changes if 
coprophagy occurs, since microbial products 
then pass through parts of the digestive system 
ideally suited to digestion and absorption of 
nutrients. Thus rats must be denied access to 
their faeces if biotin deficiency is to be induced. 
Chickens do not indulge in coprophagy on a large 
scale, but floor-reared birds do peck amongst the 
litter and undoubtedly ingest some biotin of 
microbial origin since biotin status has been 
found to be slightly higher in birds reared on litter 
than in those fed the same diet housed on wire 
floors (Whitehead and Bannister, 1980). Like-
wise the severity of biotin deficiency, in terms of 
growth depression and occurrence of FLKS, is 
more pronounced in birds reared on wire floors 
(Whitehead et al., 1975). In contrast to broilers, 
feed-restricted broiler breeders seem to obtain 
very little biotin from their litter, even though 
they are observed to peck among it frequently 
(Whitehead. 1984). 
In ruminants, the products of ruminal fermenta-
tion pass through the intestines where synthe-
sised vitamins can be absorbed. The extent of 
biotin synthesis in the rumen can be affected by 
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diet: for instance, feeding urea to cattle increases 
ruminal biotin content (Briggs et al.. 1964). How-
ever, the amount synthesised is often largest 
when low biotin diets are fed, with the result that 
ruminal biotin contents and hence the supply of 
biotin to the animal remain comparatively con-
stant (Kon and Porter, 1953: Haves et al., 
1966). 
Biotin Antagonists 	 I 
The major antagonists of possible nutritional sig-
nificance are avidin and streptavidin. When egg 
products are used as dietary ingredients, they 
should be cooked to inactivate biotin binding 
proteins. Where this is not desirable, as in the 
preparation of experimental diets, the avidin in 
spray dried hen-egg albumen can be neutralised 
by the addition of 10 to 12 mg biotin/kg albu-
men. 
Streptomyces microorganisms which may pro-
duce streptavidin and other biotin binding pro-
teins (cf. Chapter 3.3) are known to occur in litter 
and spoiled feed. but there is little information on 
the practical importance of antagonists from this 
source. 
Biotin Stability 
The stability of biotin of natural or synthetic 
origin in feed ingredients and diets under normal 
conditions of processing and storage is good. 
Measurements of biotin content in diets have 
shown no decrease during storage for three 
months. Steam pelleting of diets has not resulted 
in any decrease in biotin status in chickens com-
pared to those fed the diets as mash (Whitehead 
and Bannister, 1980). However, there is evidence 
that oxidising unsaturated fatty acids can destroy 
biotin (Pavcek and Shull, 1942). 
6.1 Requirements of Poultry 
6.1.1 Growing Chickens 	 I 
The relationship between dietary biotin level and 
growth rate in broilers can be represented by a 
response curve. However, as with other nutrients, 
the shape of the curve and the requirement for 
optimum performance estimated from it is de-
pendent upon the level of performance achieved. 
Hence requirement studies using purified diets or 
husbandry conditions that prevent birds achiev-
ing the highest growth rates are likely to under-
estimate the requirement. 
Now that more is known about the levels and 
availabilities of biotin in feedstuffs, and it has 
become possible to assay the available level in 
diets, growth studies can be carried out using 
practical diets. The growth response curve ob-
tained by combining data from two such experi-
ments in which broilers grew at a rate near their 
genetic potential is shown in Figure 23 (White-
head and Bannister, 1978a). From the curve, it is 
estimated that the dietary requirement for opti- 
mum performance for birds of both sexes reared 
on litter floors was 170 gg available biotin/kg 
diet. This level was also sufficient to reduce mor -
tality from FLKS to a minimum. More recently 
the probable broiler requirement for biotin has 
been updated to 180 .tg/kg (Whitehead, 1986). 
Severity 
Live-weight 	 of foot 
(0/0 of maximum) 	 lesions 
• 	 Live-weight 
•—• litter floors 
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Available biotin content of diet (mg/kg) 
Figure 23: Re,puii.e of Ike iseight and lesions in broilers 
on litter or sjre floors at 8 weeks to different levels of 
dietary biotin (Whitehead and Bannister, 1978) 
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Two other points emerge from Figure 23. Firstly, 
the initial effect of a deficiency is usually a reduc-
tion in growth performance; lesions are observed 
only when the deficiency is sufficiently severe to 
cause a considerable growth depression. Sec-
ondly, the growth requirement of broilers housed 
on wire floors and thus denied access to their 
droppings is about 10% higher than for those on 
litter. 
Under conditions of nutritional or environmen-
tal stress, the biotin requirement of broilers may 
be higher than 180 jig/kg. For instance, when 
diets contain slightly low levels of protein or fat 
and when temperature or other stresses combine 
to cause FLKS, 250 to 300 jig/kg may be required 
to reduce mortality to a minimum. 
Chicks of table-egg strains have a much slower 
growth rate than broilers and hence their biotin 
requirement is less. It has been estimated that 
about 40 jig available biotin/kg diet is sufficient 
to produce a point-of-lay pullet in good condition 
(Whitehead, 1980). However. FLKS sometimes 
affects this type of bird and it may be prudent to 
provide 100 jig/kg during the first few weeks of 
life. 
6.1.2 Hens 	 I 
The biotin requirement of the hen for egg-laying 
is low compared with that of the broiler. Earlier 
studies by Cravens et al. (1942) and Brewer and 
Edwards (1972) indicated that, when diets vir-
tually devoid of biotin were fed, egg-laying con-
tinued apparently unaffected. Subsequently, 
Bradley et al. (1976) observed an improvement in 
egg production of Leghorn-type hens when a high 
level of biotin (550 p.g/kg) was added to a 
soy/milo diet. In contrast, Whitehead (1980), in a 
much larger-scale experiment, did not obtain any 
improvement in egg production performance of 
White Leghorn-type hens by supplementing a 
practical diet based on wheat, herring and soy-
bean meals and estimated to contain about 30 jig 
available biotin/kg. However, internal egg white 
quality, in terms of Haugh units, showed a 5% 
improvement with a dietary biotin supplement of 
150 jig/kg. Other studies by Leeson et al. (1 979a) 
and Harms et al. (1979) have not shown any 
significant improvement in egg production when 
practical diets containing about 120 jig available 
biotin/kg were supplemented. Under normal cir- 
cumstances, practical diets thus appear to con-
tain sufficient biotin to sustain optimum egg pro-
duction in hens. 
In breeding hens, biotin is an important factor for 
hatchability, and several studies give informa-
tion on the requirements of breeding hens of egg 
laying and broiler strains. 
There is evidence from the work of Leeson et al. 
(1979a, b) that requirement for vitamins varies 
with strain, being highest in heavy body weight 
strains. For broiler breeders fed ad libit urn, Brew-
er and Edwards (1972) estimated the require-
ment for maximum hatchability to be 100 jig/kg, 
although the actual hatchability achieved in the 
experiment was low by commercial standards. In 
Leghorns, Bradley et al. (1976) found a small 
significant increase in hatchability when a diet 
probably containing about 100 to 120 jig avail-
able biotin/kg was supplemented with biotin, but 
there was no significant increase in hatchability 
when Harms et al. (1979) supplemented a diet 
estimated to contain 120 jig/kg. 
The most recent study on broiler breeders has 
related biotin requirement to dietary protein lev-
el (Whitehead et at., 1985). Requirements of 
breeders whose feed was restricted according to 
conventional management practices were found 
to be higher with a diet containing 16.8% crude 
protein than with 13.7%. On the basis of the 
maximum output of commercially acceptable 
hatched chicks, the minimum dietary require-
ment was estimated to be 100 jig/kg, equivalent 
to a daily intake of 16 jig per hen. However, in 
view of the need to provide chicks with a satis-
factory maternal carry-over of biotin, a dietary 
allowance of 200 jig/kg might be considered more 
satisfactory. 
6.1.3 Turkeys 	 I 
Poults 
The biotin requirement of the growing poult is 
considerably higher than that of the chick and has 
been the subject of numerous investigations 
using both purified and practical diets. Compli-
cating factors in assessing the requirement are the 
similarities in the effects of biotin deficiency and 
Mvcoplasrna infection and the role of biotin in 
the metabolism of M,vcoplasrna (Bigland and 
Warenycia, 1978). This relationship may have 
contributed to the wide range in the estimates 
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shown in Table 4 for the biotin requirement of 
poults. The appearance of Mycoplasina-free 
stock in several countries may result eventually 
in a lower estimate of the requirement, but at the 
moment a dietary level of 250 to 300 jig/kg is 
considered a suitable allowance for poult starter 
diets. 
Breeding Hens 	 I 
As with chickens, the requirement for biotin in 
the breeding turkey is primarily for hatchability. 
Several studies have investigated this aspect. 
Jensen (1967) found that a diet containing 
110 jig/kg did not support maximum hatchability 
whereas Waibel et al. (1969) and Arends et al. 
(1971) found that diets containing 145 and 
155 jig/kg respectively were adequate. Supple-
mentation above the last two levels did not 
improve the performance of hens or of poults 
given adequate diets. Other studies, such as by 
Atkinson (1972) and Atkinson et al. (1976) have 
shown responses in hatchability and poult perfor -
mance when practical diets were supplemented 
with high levels of biotin (550 jig/kg) but no 
information as to the available biotin content of 
basal diets was given. 
On the basis of these findings, the requirement of 
the breeding turkey is about 150 jig/kg and a level 
of about 200 jig/kg should be adequate for the 
purposes of practical diet formulation. 
I A / / . 
I' 	H 
Purified 1280 1 Jensen and Martinson (1969) 
1300 Ioobson (1970) 
1200-300 IRobblee (1973) 
1330 1 Marusich et al. (1970) 
IMaize 1200 Iwaibelet al. (1969) 
Soybean 1230 1 Sullivan and Platter (1969) 
1280 IMaxey and Waldroup (1969) 
Other commercial 1250 1 Slinger and Pepper (1954) 
1250 1 Richardson and Wilgus (1967) 
1450 1 Marusich et al. (1970) 
I ahk 4; Biutin requirn1tIIt, ul growing urkeNs  
6.2 Requirements of Pigs 
It used to be supposed that practical pig diets 
contained adequate amounts of natural biotin: 
hence few studies were conducted on biotin 
requirements for the different stages of pig pro-
duction. This assumption has been invalidated 
by the recent findings on commercially-impor-
tant responses to supplemental biotin which 
show that practical diets may not contain suffi- 
cient biotin. However, the responses in these 
studies. summarised in Tables 2 and 3, were 
achieved with relatively generous single levels of 
supplementation. There is thus still little infor -
mation on responses to graded dietary levels of 
biotin that can be used as a basis for setting 
requirements. 
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Further difficulties arise over the interpretation 
of results obtained with practical diets. There is 
little direct information on the availability of 
biotin in different feed ingredients to pigs. Pos-
sible interactions of biotin with other nutrients, 
such as copper, may exist but are as yet unquan-
tified. It is therefore not possible to make definite 
statements regarding the minimum requirements 
of pigs. However, on the basis of field experiences 
and laboratory studies. suggested allowances and 
supplements for practical pig rations for the 
maintenance of normal health and performance 
are given in Table 5. Much higher dietary levels 
are needed to restore good foot health in pigs 
affected with hoof lesions. Experience has sug-
gested that supplements of 1 to 1.5 mg/kg feed, 
equivalent to a daily intake of 2.5 to 4 mg/day. 
over a two-to-four month period may be required 




Sow, pregnant 11.9-2.4 1400-500 1170-260 11 50-250 
Sow, lactating 1 45  1800-1000 180-220 1150-190 
I Sow, dry 12.5 1400 1160 1150 
Piglet, weaned in cage 10.6 1150 240-280 1150 
I Piglet, weaned on floor 11.0 1200 1200 1100 
Growing pig 12.0 1250 1125 1 	30-70 
I Fattening pig 13.0 1300 1100 I 	0-50 
l4bk : R..ciuii,iiendcd hotiii allusances and supplements hr pigs ( I ags&rker. 1983) 
6.3 Requirements of Fur-bearing Animals and 
Dogs and Cats 
Studies on mink suggest their biotin requirement 
is about 250 j.g/kg (Leoschke, 1960; Ahman. 
1965). This value is also thought to be appropri-
ate for other animals such as foxes, dogs and cats. 
Practical diets may require supplementation to 
provide this level. On occasions higher levels may 
be appropriate if quality of feed ingredients is in 
doubt or when it is important to achieve a very 
high quality of fur, as in show animals. 
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6.4 Requirements of Horses 
Although there is as yet no experimental evidence 
for biotin deficiency in the horse, the responsive-
ness of certain recurrent hoof conditions suggests 
that horses do have a dietary requirement for this 
vitamin. Values for this requirement have not yet 
been established, but maintenance doses of 
2-7 mg per animal are frequently given on a daily 
basis. 
6.5 Requirements of Fish 	 I 
Literature on the biotin requirements of fish is 
characterised by the very wide range in estimates 
for individual species. In part, this may reflect 
different criteria used since Poston (1976) found 
that, whereas a supplement of 100 .ig/kg to a 
purified diet was adequate for optimum growth 
and feed conversion in fingerling lake trout, 500 
to 1000 tg/kg was required for optimum swim-
ming stamina. A further complication in the 
interpretation of studies using practical diets is 
that some diets have contained wheat products; 
the availability of biotin in these to fish is 
unknown. Environmental factors may also affect 
the requirement of some species. For instance 
carp can augment their B vitamin intake by eat-
ing the mud from the bottom of the pond. Sug-
gested requirements and supplemental levels for 
various types of fish are given in Table 6. 
Estimated requirement (pg/kg) 	1200 	800-1200 1300-500 
for growth, swimming stamina, 
and disease resistance 	 - - 
Suggested supplements 	500-1000 800-1200 300-500 
for practical diets (pg/kg) 
Levels to be increased by 30% in small fish, and 50% in fry and broodstock 
1 abic ( Biotin requirements and supplement', ( RO( I I I 1980)   for fish 
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7 Assessment of Biotin Status 
The first effect of a biotin deficiency in an animal 
is usually a decrease in performance which may 
not be readily detectable. A more severe deficien-
cy may cause lesions which are not dissimilar to 
those brought about by other nutrient deficien-
cies. It is therefore useful to have available some 
specific metabolic criterion for the assessment of 
biotin status in animals. 
7.1 Direct Measurements of Biotin 
7.1.1 Chickens 
Body weight (g) 
600-, 




[issuc or 11smu iilin C 	cuhi ti)n in duck- 
ens are related to dietary intake and can be used 
as criteria of the biotin status of birds or diets. 
young chicks, liver biotin content has been u 
to give information on individual biotin status 
relation to the occurrence of FLKS (Hood et u!.. 
1976). However, plasma concentrations ha, 
been used more widely as criteria of status sill 
they show a large response to changes in dietu 
content. Concentrations of 2 to 3 ng/ml hu 
been associated with marginal biotin status in * 
to 5- week-old chicks. Concentrations of 1 nglml 
or less were found in chicks showing severe foot 
lesions and growth depression (Frigg etal., 1973). 












0.05 	0.10 	0.15 	0.20 
Supplemental biotin in diet (mg/kg) 
,11ft.u,u 	 C. 
on bud) A eight and plasma biotin in chicks at 38 days 
(Frigg et at., 1973) 
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Plasma concentrations rise approximately 10-
fold in hens with the onset of sexual maturity. 
Most reports in the literature show a relatively 
linear relationship between dietary and plasma 
concentrations up to a dietary level of about 
300 tg/kg. Plasma concentration reaches a pla-
teau when the diet contains about 500 j.tg/kg, but 
rises again slowly in response to very high 
intakes. 
One relationship observed is illustrated in Fig-
ure 25 but there are differences between individ-
ual reports regarding the precise quantitative 
response of plasma biotin (Buenrostro and Kratz-
er, 1984; Frigg, 1984; Whitehead et al., 1985). 
These may reflect strain or analytical differences 
but mean that, until a larger body of data is 
available, plasma biotin concentration cannot be 
used as a reliable criterion of biotin status in 
hens. 
Only limited data are available on turkey hen 
plasma concentrations. However, one compara-
tive experiment (White et al., 1987) has shown a 
very similar quantitative relationship with dieta-
ry content to that seen in laying chickens. 
Biotin deposition in the egg has been widely 
studied. Because of the gradual nature of yolk 
formation in the ovary, yolk biotin concentration 
takes from one to two weeks to reflect changes in 
dietary intake (Buenrostro and Kratzer, 1984). 
The overall shape of the response of yolk biotin to 
dietary biotin resembles that of plasma biotin but 
is essentially linear over a nutritionally meaning-
ful range of dietary intakes. Moreover, fairly con-
sistent responses have been reported from several 
studies on different strains. Thus with a dietary 
content of about 150 jtglkg, yolk concentrations 
have been found to range from about 500 .tg/g 
yolk wet weight in Leghorn-type hens (Buenros-
tro and Kratzer, 1984; Frigg, 1984) to about 
700 jtg/g. in ISA Brown (White and Whitehead, 
1 987) and Ross and Marshall broiler breeders 
(Whitehead. 1984; Whitehead et al., 1985). 
These data refer mainly to hens at the peak of egg 
production (about 30 weeks): for older hens val-
ues of about 800 ig/g have been reported for 
Leghorn-type and broiler breeders (Whitehead, 
1980, 1984). Strain differences thus appear to be 
Yolk or albumen 
biotin (ng/g) 	 Plasma 
4000 	 biotin 
(ng/ml) 1. •Yolk 	 J 	120 
/ I . 	 Plasma Chicken 	 / 
• • Albumen 	 / 
---- Yolk 	 / 	 100 
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Figure 25: Rtlat iunhip heoseen diciar.N hioti ii and hiotin concentration in plasma and egg ol k and aII)UIncfl in 
adult female chicken and turkeys (Whitehead, 1986) 
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relatively small and it is meaningful to use a flock 
mean value for yolk biotin concentration as 
criterion of biotin status in hens and as a basis I 
assessing the adequacy of a diet. It has bee 
suggested that a value of 550 .tgJg represents 1 1 1. 
minimum satisfactory yolk biotin concentratio 
for broiler breeders (Whitehead et al., 1985) bu 
perhaps 700 to 800 j.tg/g represents safe values 
aim at in commercial practice. Yolk concentru - 
tions in turkeys are approximately one half to on 
third of the values seen in hens at equivaki 
dietary levels (White et al., 1987). 
Albumen biotin concentrations rapidly refic 
changes in dietary intake and show a rough 
linear response to levels up to about 1000 .igi k 
diet. Concentrations are higher in turkey c 
albumen and show a linear relationship up 1 
much higher dietary levels. 
These relationships between dietary level and 
plasma, yolk and albumen concentrations in hens 
are illustrated in Figure 25, and relate to birds at 
the peak of lay. It has been found that plasma and 
yolk biotin concentrations increase slowly 
throughout the egg-laying period. Increases of 35 
and 50% have been reported in turkeys and chick-
ens respectively (Robel, 1983; Whitehead, 
1984). 
7.1.2 Pigs 	 I 
Plasma biotin concentrations have been mea-
sured in pigs at a variety of ages and although 
there is not such detailed information on dietary 
responses as is available for poultry, it is clear 
that plasma concentrations do reflect dietary 
intake. Responses seen in one experiment where 
different dietary levels were fed to young pigs are 
shown in Figure 26 (Völker et al.. 1977). How-
ever, individual variation is high and conclusions 
are best drawn from group means. 
In sows, plasma concentrations are similar before 
and during pregnancy and during lactation 
(Bryant et al.. 1985b) and are related to dietary 
intake. Concentrations in the range 0.33 to 0.67 
nglml have been observed in sows suffering from 
severe foot lesions. Dietary biotin supplementa-
tion (400 ig!kg) resulted in an increase in mean 
plasma concentration to 1.73 ng/ml (Pedersen 
and Udesen. 1980). In one herd showing a repro-
ductive response to biotin, mean plasma concen-
trations were increased from 1.1 to 1.9 nglml by a 
dietary supplement of 350 .tg/kg (Simmins and 
Brooks, 1983). In another, plasma concentration 
Piglets: 2-3 weeks old 
Plasma biotin 	 Basal diet (wheat 
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Figure 26: Plasma biotin concentrations in pigs given 
different dietary biotin supplements (Völker et al., 1977) 
increased from 0.6 to 1.4 ng/ml with 440 gg sup-
plemental dietary biotin/kg. The sow's milk bio-
tin also increased from 24 to 68 ng/ml (Bryant et 
al., 1985b). 
Plasma biotin concentration is very high in 
piglets at birth but falls rapidly. Thus the concen-
tration was observed to fall from 4.25 to 0.62 
ng/ml over the first 14 days of life. Piglet plasma 
concentrations also reflect the biotin status of the 
sow; corresponding values in piglets from sows 
fed a diet supplemented with 440 p.g/kg were 13 
and 3.1 ng/ml, respectively (Bryant et al., 1985b). 
Plasma concentrations of 0.4 ng/ml have been 
reported in piglets weaned from sows not given 
supplemental biotin. During rearing on unsup-
plemented diets, plasma concentrations were in 
the range 0.59 o 0.66 ng./ml and the pigs devel-
oped foot lesions. Supplementation with 
220 pig/kg raised plasma concentrations to 0.95 
to 1.3 ng/ml and improved hoof health (Bryant et 
al., 1985a). In experimental biotin deficiency, 
lesions have been seen in young growing pigs 
having plasma levels of 0.4 to 0.5 ng/ml (Geyer et 
al., 1984). 
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General conclusions on the adequacy of plasma 
biotin concentrations in relation to claw and skin 
health have been drawn by Misir et al. (1986) on 
the basis of long term studies on first and second 
litter sows with induced biotin deficiency. These 
authors proposed the following scale (applicable 
to growing and adult pigs). 
In view of the further benefits of biotin in relation 
to reproduction, it is suggested that plasma biotin 
concentrations in breeding sows should be at 




Adequate 10. 7 
lMarginal 10.6-0.7 
Inadequate 10.4-0.6 
IDeficient 10. 4 
7.2 Activities of Biotin-dependent Enzymes 
As has been discussed in Chapter 4, the biotin 
status of an animal can have a marked effect on 
the activities of the biotin-dependent enzymes. 
The activities of mitochondrial enzymes such as 
pyruvate carboxylase and propionyl CoA car-
boxylase are more sensitive to biotin intake than 
those of the cytoplasmic enzyme acetyl CoA car-
boxylase. Although the activity of the last enzyme 
can be used to give information on biotin status 
in chicks (Glatzle and Frigg, 1975), the much 
greater variation in activity of pyruvate carboxy-
lase makes it more suitable as an indicator. In 
tissues, activities in liver and kidney are most 
sensitive to changes in dietary biotin intake in 
chickens (Shen and Mistry, 1977) and, in liver, 
activity is proportional to biotin intake over a 
wide range of dietary biotin levels (Atwal et al., 
1972). Unfortunately, pyruvate carboxylase ac-
tivities in liver change markedly with age (Atwal 
et al., 1972) and can also be affected by other 
aspects of a diet, such as protein or fat level 
(Whitehead et al., 1978). Since the measurement 
of tissue enzymes invariably necessitates the 
death of the animal, a more suitable criterion of 
biotin status is the activity of an enzyme present 
in blood. 
In avian species, the fact that red blood cells are 
nucleated and mitochondrial remnants believed 
to be present in nuclei (Harris, 197 1) explains the 
comparatively high levels of activity of pyruvate 
carboxylase that have been found in the blood of 
chickens and turkeys (Bannister and Whitehead, 
1976; Whitehead and Bannister, 1978b). More-
over, activity of this enzyme has been found to 
give a good indication of biotin status in these 
species over a wide range of dietary biotin 
intakes. The activities decrease over the first few 
weeks of life, but from 4 to 8 weeks are compar-
atively constant in broilers. In poults, activity is a 
satisfactory criterion up to at least 12 weeks of 
age, as is shown in Figure 27. The activity can be 
affected by dietary fat and protein levels, though 
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Figure 2: Iruate carboxlase actiities in 
turkey poults given different dietary biotin supplements 










Biotin in plasma (ng/100 ml) 
(Whitehead and Bannister, 1978b). Activity (1 
the enzyme can be preserved with a glycerol-
based medium, thus extending its usefulness 1 
field samples (Glatil.: H ii I H 
The relationship bLt\ 	:'/: ri:R tilt '  
biotin intake is sigmoid in nature, but over a wjd: 
range of dietary levels the enzyme response i ,,  
linear. At highest dietary levels, there is a do'.: 
relationship between the responses of enzyn 
activity and growth performance in broilers, as is 
shown in Figure 28, with the result that the activ-
ity of the enzyme is a good criterion of not only 
status but also biotin requirement in broilers. 
Because of variation in enzyme activity between 
individuals, group measurements give a better 
estimate of biotin status and it has been found 
that mean specific activities of around 90 nmol 
14CO2 incorporated/g haemoglobin per minute at 
38 are consistent with a satisfactory biotin intake 
in broilers at about 4 weeks of age (Whitehead 
and Bannister, 1980). Unfortunately, as a result 
of changes in activity with age, this enzyme gives 
no satisfactory indication of biotin status in adult 
birds. 
Live 	 Blood PC 
weight activity 
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--- ) and live weight (—) to supplemental dietary biotin in 
broilers at S weeks (Whitehead and Bannister, 1980) 
Pyruvate carboxylase activity has also been 
detected in the plasma of young pigs, albeit at a 
very low level since the enzyme is probably con-
fined to white cells and possibly reticulocytes 
(Glatzle, 1979: Whitehead et al., 1980). Nev-
ertheless, the activity has been found to be related 
to biotin intake and may prove to be of some use 








figure 29; \uti atioll 	ltiitiit tor p ru%aic carboxNlase 
in the blood of pigs gien different dietary biotin 
supplements (GIatzle, 1979) 
Since a reduction in enzyme activity arising from 
biotin deficiency is due to a lack of biotin rather 
than apoenzyme, the degree to which enzyme 
specific activity can be enhanced by incubation 
in vitro with biotin can be used to give informa-
tion on vitamin status. Thus an activation coef-
ficient greater than unity implies that there was 
insufficient vitamin originally present to permit 
maximum enzyme specific activity. Enzyme acti-
vation assays have already been developed to 
determine riboflavin thiamin and pyridoxine sta-
tus (Glatzle et al., 1968: Brin et al., 1965; Raica 
and Sauberlich, 1964; Brin et al., 1960). In the 
case of biotin, it has been demonstrated in rats 
Ihat the extent of activation of pyruvate carbox-
lase activity in erythrocytes was related to biotin 
'tatus, unlike the enzyme specific activity (Bitsch 
ci al., 1977). In chickens, the activation tech-
nique has also been successfully applied to both 
pyruvate carboxylase and acetyl CoA carboxylase 
in livers although in blood only pyruvate carbox-
ylase showed an activation (Glatzle et al., 1979a, 
b). Despite the much lower levels of activity of 
pyruvate carboxylase in pig blood, the coefficient 
of activation of this enzyme is related to biotin 
status in this species also, as shown in Figure 29 
(Glatzle. 1979). Enzyme activation is probably 
the most suitable means of assessing the biotin 
status in individual animals and in those species 
where enzyme specific activities are low or not 
closely related to biotin status. 
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8 Biotin in Feeds 
8.1 Contents in Ingredients 
Biotin occurs, usually in a bound form, in most 
natural feed ingredients although the amount can 
vary considerably not only from one feedstuff to 
another but also between different samples of the 
same feedstuff. There can be many reasons for 
this. In plant products, there can be variations 
depending upon plant strain, soil fertility 
(McCoy et al., 1958) and climate during the gro - 
ing season. This is illustrated in Table 7 where i n 
the U.K. the biotin contents of wheat and espe-
cially barley varied considerably over 3 succes-
sive harvests. Variations are also likely to be 
caused by differences in methods of processing 
and during storage, particularly if rancid fats are 
present. Finally, differences in the analytical 
techniques for the extraction and measurement 
of biotin may be a factor in the differing values 
reported in various studies. It is found in general 
that there is a much higher variability in biotin 
contents in animal proteins than in vegetable 
proteins. The results of a large survey of the 
biotin contents of feed ingredients carried out at 
the Roche laboratories in Basle are given in 
Table 8. 
/ 40 
Wheat I 78 	106 I 84 
IBarley 1134 	1197 	1118 
I able 7: kiinual variation in mean biolin contents of cereals 
gron in L . K. (Putnam. 1977) 
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I 4 
Isarley 1166 I 	140 1 	80 1 	246 1 	10 1 	14 
IMaize I 59 I 	79 56 C 	115 1100 I 	79 
JMaize gluten meal 17 191 1 	148 1 	249 1100 1191 
b Oats ( 	49 I 	246 169 317 35 I 	86 
(Rye I 	5 84 51 105 0 0 
IRice I 	14 f 	23 I 	10 I 	52 n.a. n.a. 
(Rice polishings 	 5 	1 371 	331 	J 456 1 20 1 74 
(Sorghum 	 I 68 	( 287  J 173 1 429 1 20 I 56 
Wheat 	 1116 	I 101 	I 70 	1 276 I 0 I 0 
Wheat bran ( 	47 I 	360 C 	209 1 	509 1 	20 	1 	72 
(Wheat middlings 1 	21 1 	332 1 	190 1 	434 1 	5 	1 	17 
I Cottonseed meal 1 	17 I 	230 1 	149 285 (na. 	Jn.a. 
(Coconut oil meal 1 	7 1 	260 C 	99 361 ma. 	ma. 
IGround nut meal I 	18 11413 [1098 11630 I 	55 	1777 
ILinseed meal 4 1 	413 J 	303 j 	568 ma. (na 
tRapeseed meal 20 1 	984 1 	647 11180 I 	70 1689 
ISesame meal 1 ( 	245 C - I— (na. (n.a. 
lSoya bean meal 1 1 20 1 	270 C 	200 C 	387 1100 1270 
ISoya bean full fat 1 	8 1 	241 C 	188 C 	279 1100 124 1 
ISaff lower seed meal 1 	3 11018 1 907 116 1 I 30 1305 
Sunf lower seed meal 1 	43 1 	989 1 	447 11352 ( 	35 1346 
Blood meal J 	18 ( 	28 0 227 (na. (na. 
Bone meal I I 	20 3 48 n. a. (na. 
Feather meal ( 	6 136 46 I 	262 (na. (na. 
I Fish meal 1153 I 	135 1 	11 1 	421 1100 1135 
IF i sh meal white 66% 14 114 I 	70 I 	227 1100 1114 
IMeat meal >50% I 	62 88 I 	17 I 	322 1100  1 	88 
Meat + bone meal < 50% 40 ( 	76 J 	7 1 	364 1100 I 	76 
(Milk powder whole 7 ( 	189 J 	152 I 	230 (n.a. (na. 
(Skim milk powder ( 	13 ( 	254 C 	158 J 	430 I 	65 1165 
lSilk worm meal 2 ( 	399 I 395 1 	404 (na. n.a. 
JPoultry by-product meal ( 	8 ( 	181 143 224 n.a. n.a. 
lShr i mp meal ( 	5 42 I 	38 47 n.a. (na. 
(Whey powder ( 	10 ( 	275 J 	192 I 	392 1115 1316 
(Whey powder delact. I 	4 I 	569 1 526 I 	601 1115 1654 
(Brewersdriedgrains 8 245 I 	152 I 	484 ma, Ina. 
ICarob ( 	4 ( 	319 191 406 (na. n.a. 
Cassava meal ( 	8 ( 	51 I 	5 I 	73 I 	5 2 
(Grape peel meal 2 ( 	79 49 109 n.a. (na. 
(Grape hulls ( 	1 ( 	85 I - - (na. (na. 
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r#7 
Grass meal I 	3 I 	366 227 459 1 	65 1238 
ILupine seed meal 13 52 42 72 I 	45 1 	23 
ILucerne meal I 49 543 196 779 1 	75 1407 
IMalt sprouts 7 212 167 242 1 - ma. 
Molasses beet 2 441 43 838 1 	75 1331 
Molasses cane 1 	21 11080 1 	737 11930 ma ma. 
IOlive pulp meal 1 	3 169 103 1 	225 n. a. n. a. 
IPeas 1 	2 155 J 	132 1 	178 ma. n. a. 
Potato protein 8 20 13 28 ma. n.a. 
Straw meal 3 70 61 ' Ifla n. a. 
IYeast brewers' 9 1 634 1 	165 11070 1100 1634 
labl 8 	ul native and hiu-aailahlc biotin uuntnt, Of aiuinal lt.-ed'.tutt, trd iliruugliout the surld. 194- I9S 
(ROCHE; Data on file and Frigg, M.. Poultry Sci. 55; 2310 119761; 63: 119841; 
Proc. Maryland Nutrition Conference, March 19-20, 1987 
8.2 Availability 
Not all the biotin present in some feed ingredients 
is nutritionally available to animals. The chick 
growth-response bioassay has been used most fre-
quently as the means of determining biotin bioav-
ailability. However, growth is a non-specific 
response and considerable care is needed with 
experimental conditions and interpretation of 
data to ensure that the estimate of available biotin 
in a test sample is valid. The method gives best 
results when test samples are rich in biotin, but 
problems have been encountered with some cer-
eals that are poor sources of available biotin. 
The problem has been especially severe with 
wheat. Poor bioavailability in wheat was sus-
pected when the feeding of practical diets based 
on this cereal produced deficiency lesions (Bal-
nave, 1975; Frigg and Brubacher. 1976) and from 
observations that FLKS occurred most frequent-
ly with wheat-based diets. There have been some 
estimates of bioavailability of about 40% in 
wheat (Anderson and Warnick, 1979; Anderson 
et al., 1978). However, more rigorous studies 
have suggested that bioavailability is very much 
lower, in the range 0 to 4% (Frigg, 1976; 1984). 
Low bioavailability has also been shown in other 
cereals (i.e. barley 10 to 20%. sorghum 20 to 
25%). In contrast, biotin in maize has been found 
to be highly available. 
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Specific assays for biotin bioavailability have 
been developed more recently. The linear re-
sponse of blood pyruvate carboxylase activity in 
young chicks over a wide range of dietary biotin 
concentrations has been used as a basis for an 
assay (Whitehead et al., 1982). Results with this 
method have shown bioavailability is low in 
wheat (5%), high in maize and soybean meal and 
intermediate in a range of other feed ingredients. 
It has been suggested that liver pyruvate carbox-
ylase activity does not represent such a suitable 
basis for a bioassay, though the study in question 
failed to take into account the known dependence 
of this enzyme on dietary protein content (An-
derson et al., 1978). 
Egg yolk biotin content has also been used as a 
criterion of biotin bioavailability (Buenrostro and 
Kratzer, 1984). Values for wheat (0%), sorghum 
(10 to 20%), maize (75 to 100%) and soybean meal 
(100%) have been obtained by this method. 
Estimates of bioavailability to chickens in a range 
of feed ingredients are included in Table 9. There is 
less information for other species. A brief report 
has suggested that bioavailabilities in cereals for 
turkey poults are broadly similar to values report-
ed for chicks (Misir and Blair, 1984a). 
The occurrence of apparent deficiency condi-
tions in pigs fed wheat- and barley-based diets 
accompanied by low blood biotin levels suggests 
that bioavailability of biotin to pigs may also be 
limited in some feed ingredients. Using the plas-
ma biotin level in pigs as a criterion, low avail-
ability rates of several major feedstuffs have been 
found. The magnitude of responses in the pig 
agree largely with the values found in the chick 
(Table 9). However, it would appear that the pig 
is even less able to utilize biotin present in some 
feed ingredients. 
There is no information available on variation in 
bioavailability between different samples of feed-
stuff, nor on the causes of unavailability. It is 
presumed that the biotin is involved in chemical 
or physical bonds that are not amenable to the 
digestive process. Treatment of feedstuffs, such 
as by micronising, has not been found to improve 
bioavailability. Biotin seems to be associated 
with the fibrous parts of cereals and Misir and 
Blair (1984b) have reported that fibre added to 
the diet can interfere with the absorption of free 
biotin from the gut. This observation implies that 
fibre has an ability to bind biotin, but there is no 
evidence that the natural fibre present in feed-
stuffs with low biotin bioavailability, such as 





Barley 	 I 	0-20 	1 11 	I 0 	1 24 
IMaize 	 1100 	1100 110-30 1100 
Milo/sorghum 	 1 20 	1 - 	- 	25 
I Rice bran 	 I 20 	I- I- 
Ilriticale - - 	 26 
Wheat 0-10 1 	5 1 	0 1 	33 
Peanut/ground-nut meal I 	54 10-40 
IRapeseed meal 1 	76 1 	62 I 0-30 	I - 
[Soya bean meal 1100 1100 120-80 	I 	72 
ISu nflower seed meal 1 	27 j 	35 1 	0-20 	I - 
( ompal .tIr 0141 .IN aliablilti" 	I 	111, k' .111(1 	 cd.IuIi. 
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8.3 Dietary Contents and Supplementation 	 I 
The identification of biotin-responsive disorders 
in pigs and poultry in recent years highlights the 
continual need to review nutritional practice in 
the light of changes in performance of stock and 
economic policy. As food conversion efficiency 
continues to improve, it will be necessary to 
increase the dietary concentration of vitamins in 
order to support the vital metabolic processes in 
which they are involved. 
This conclusion is supported by mathematical 
modelling of biotin requirements in chickens 
(Whitehead, 1986). On the basis of input/output 
comparisons in broiler breeders, it has been esti-
mated that the daily maintenance requirement of 
a chicken is met by an intake of 0.6 gg biotin/kg 
body weight. The growth requirement of the 
broiler was estimated to be 170 ig/kg on the basis 
of studies in which male broilers grew to 2.1 kg in 
56 days with a feed conversion ratio of 2.2:1 
(Whitehead and Bannister, 1978a). On the as-
sumption that (a) the growth requirement mea-
sured the maximum requirement at any age (i.e. 
there was no compensatory growth) and that (b) 
the proportion of dietary biotin devoted to 
growth was maximal during the second week of 
growth (feed conversion efficiency was highest, 
without the complication of biotin contributed 
by the yolk sac during the first week), the follow-
ing equation to describe biotin requirements was 
obtained: B = 247W 1 + 0.6W2. Where B is the 
daily biotin required (pg), W 2 is body weight (kg) 
and W 1 is the weight gain (kg/d). 
Using this equation, it is possible to calculate that 
broilers growing to 2.5kg at 49 days with a feed 
conversion ratio of 2:1 might have a starting 
dietary requirement for biotin of 180 j.tglkg. The-
oretical requirements during later stages of 
growth can also be calculated. 
So far as economic practice is concerned, the 
introduction of least-cost dietary formulation has 
resulted in the elimination of many biotin-rich 
minor ingredients from commercial diets and a 
maximisation in the use of wheat in many parts of 
the world. This has resulted in a decrease in the 
available biotin content of pig and poultry 
diets. 
The combined effect of these genetic and nutri-
tional changes on natural biotin intake of sows in 
the United Kingdom over a 15-year period is 
illustrated in Table 10. The calculations show 
that available biotin intake declined by almost 
half over that period. Similar trends have 
occurred with poultry and these underline the 
increased importance of supplemental biotin in 




Feed intake per sow/day (kg) 	2.7-3.1 11.8-2.0 
lAvailable biotin (ig/kg feed) 	1 70 	I 60 
Available biotin intake (pg/d) 	1208 	1108 
tangng ld 	- ii 





Maize 	 I 48 I- 	I- 	I 59.5 I- 
Isorghum/milo 56 63.5 
lWheat I- 54 I- I- I 	60.5 
Soyabean meal 42 	I 36 37 26 I 	23 23 
Fish meal I- I - I- I 	75 I 7.5 I 7.5 
Fat 1 5 1 3 1 4 1 2 1 1 1 4 
(Minerals, vitamins, etc. I 	5 I I 5 5 
Calculated analyses 
Crude protein (%) 	1 22 1 22 	1 22 	1 22 	1 22 	I 22 
ITotal biotin (pg/kg) 	1151 	1253 	1154 	1127 	1254 	1133 
lAvailable biotin (pg/kg) 	1151 	1124 	1100 	1127 	1109 	1 72 
I 11, 1 , 	I 	I 	and aadaIII 	!tnuu 	 u  10 ill I hruiIu I '!ct It 	dit 
In Table Ii are shown the calculated available 
biotin contents of some typical broiler starter 
diets using mean ingredient data. Where wheat is 
the major cereal, large biotin supplements are 
obviously necessary. Even with maize-soybean 
diets, calculated contents are marginally sub-
optimal although from the growth curve in Fig-
ure 23 it is apparent that the potential for growth 
improvement in this area of the curve is likely to 
be small. Nevertheless, from the wide variation 
in biotin contents of individual ingredients indi-
cated in Table 8, it is possible for maize-soybean 
diets to be deficient at an economically signifi-
cant level when they include batches of ingre-
dients containing less than average biotin levels. 
Examples of responses to biotin supplementation 
of maize-soybean diets have been reported. Com-
mercially-important responses in body weight 
and feed conversion efficiency to a supplement 
containing biotin (50 jig/kg) and thiamin 
(1 mg/kg) were observed over a series of broiler 
field trials (Table 12). In a single trial, a response 
to biotin alone was observed (Wagstaff, 1978). 
Improvement of skin and foot conditions and 
breast blisters have also been reported (Harms 
and Simpson. 1975). 
Recommended supplemental dietary biotin lev -
els for all types of livestock are indicated in 
Table 13. 
IControl 	 1 1 86 	10.537 
Biotin (50 pg/kg) 	11.92 	10.544 
Thiamin (1 mg/kg) I 
1 a h k. 1 	R c. p n ..', in broilers to supplementation  
maize-soybean diets (pooled results from a series of field 




Chicks I Starter 1150 70-120' 1 	3.5-6 
Broiler 1180 I 50-100 1 	2.5-5 
Replacement pullet 1100 30-80 15-4 
IBreeder 1100+ 1 1 50-250 7.5-12.5 
Turkeys Istarter 1300 1200_250* 110 	-12.5 
Grower, Finisher 1200 11 00-200 - 5 -10 
jBreeder 1250 1200-300 110 	-15 
Pigs [Starter 1 200 1 1 00-1 50 I 	5 	-7.5 
Grower 1 125 1 30-70 J 	1.5-3.5 
IBreeder 1250-300 1150-250 I 	7.5-12.5 
ICalves I Milk replacer 1100-i- 1100-200 1 	5 	-10 
Mink and foxes I Starter 1200 1100-150 1 5 -7.5 
IBreeder 1250 1120-200 I 	6 	-10 
Dogs and cats I (complete feed) 1250 1150-250 I 	7.5-12.5 
IFish** I (complete feed) 1 500-1200 1800-1200 140 -60 
lShrimp I l (not available) 800-1500 140 -75 
* +100-150 ig/kg for wheat-based rations 
See also Table 6 
Table 13: Recommended biotin supplementation levels (ROCHE 1987) 
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Concentration and fractional saturation in chicken eggs as a function of dietary riboflavin 
Harold B. WHITE III,*  John ARMSTRONG and Cohn C. WHITEHEAD 
AFRC Poultry Research Centre, Roslin, Midlothian EH25 9PS, Scotland, U.K. 
The concentration of riboflavin and riboflavin-binding protein were determined in the plasma, egg yolk and 
albumen from hens fed a riboflavin-deficient diet (1.2 mg/kg) supplemented with 0, 1, 2, 3, 10 and 40 mg 
of riboflavin/kg. We observed that the deposition of riboflavin in egg yolk and albumen is dependent on 
dietary riboflavin and reaches half-maximal values at about 2 mg of supplemental riboflavin/kg. The 
maximal amount of riboflavin deposited in the yolk is limited stoichiometrically by the amount of 
riboflavin-binding protein, whereas the maximum amount of riboflavin deposited in albumen is limited by 
other factors before saturation occurs. The amount cc riboflavin-binding protein in yolk and albumen is 
independent of dietary riboflavin. If there is a specific oocyte receptor for riboflavin-binding protein, it 
cannot distinguish between the apo and holo forms of the protein. Riboflavin-binding protein is about six 
times more concentrated in-yolk than in plasma. 
INTRODUCTION 
The hen's egg is perhaps the most complete single food 
(Williams etal., 1971). It contains all the nutrients for the 
21-day development of a chick embryo. The yolk, which 
contains most of the nutrients, is derived from the plasma 
by endocytosis (Griffin et al., 1984). Our interest is in the 
deposition of riboflavin in the egg and the role of 
riboflavin-binding protein in this process. 
-Petersen et al. (1947) showed that up to 30% of 
ingested riboflavin can be transferred to the egg by a 
laying hen. They also showed that the riboflavin content 
of eggs is proportional to dietary riboflavin over the 
range 0-5 mg of riboflavin/kg of feed and more-or-less 
independent of dietary riboflavin above that range. This 
saturation phenomenon is attributable to a specific 
riboflavin-binding protein (Rhodes etal., 1959) to which 
all of the riboflavin in an egg is bound (Blum, 1967). 
Hens genetically unable to synthesize a functional 
riboflavin-binding protein deposit insignificant amounts 
of riboflavin in their eggs (Maw, 1954; Winter et al., 
1967; Farrell et al., 1970). Thus the amount of 
riboflavin-binding protein appears to set an upper limit 
on the amount of riboflavin that can be deposited in an 
egg. On the basis of these observations and others, the 
presence of a specific receptor that recognizes the 
binding protein, but not the vitamin, was postulated 
(Muniyappa & Adiga, 1979; Miller et al., 1981a). There 
is indirect evidence both for and against this hypothesis. 
Experiments by Miller and others have shown that 
modification of protein-bound carbohydrate (Miller 
etaL, 1991 a,h, 1982a) or phosphate (Miller etal., 1982b), 
or denvatization of amino acid side chains (Miller 
etal., 1982b; Hammer etal., 1971), can drastically reduce 
the uptake of the radiolabelled protein by the 
oocyte. Because not'all'of these modifications result in 
rapid clearance of riboflavin-binding protein from the 
plasma by the liver or other tissues, an oocyte receptor 
that distinguishes between the native and modified 
'otein seems likely. Furthermore, specific receptors for 
vitellogenin (Yusko et al., 1981), immunoglobulins 
(Roth et al., 1976), and low-density lipoproteins 
(Krumins & Roth, 1981; Perry et al., 1984) have been 
demonstrated in the hen's oocyte plasma membrane. 
Despite these precedents for protein-specific receptors in 
this system, continuing efforts to demonstrate directly a 
receptor for riboflavin-binding protein have been 
unsuccessful (Benore-Parsons, 1986). - 
Because the primary function of riboflavin-binding 
protein is to deposit riboflavin in the egg, it would seem, 
likely that a specific receptor on the oocyte plasma 
membrane would be able to discriminate between apo 
and holo forms of the protein. However, Benore-Parsons 
et al. (1985) reported that deposition of the protein 
occurs in the absence of bound riboflavin. In order to 
verify this observation, we fed laying hens diets differing 
in their riboflavin content and monitored the amount of 
riboflavin-binding protein and its fractional saturation in 
the plasma, yolk and albumen. Both apo and holo forms 
of the protein are transferred to the egg. We conclude 
that, if a receptor exists, it does not distinguish between 
these two forms of the protein. 
EXPERIMENTAL 
Hens and diets 
The birds (ISA Brown) were obtained at 1 day old 
from a commercial hatchery. From 18 weeks of age they 
were housed in single-bird battery-cage units an 4  had 
free access to the standard layer's diet and water. 
Individual- egg production was recorded daily. The 
experimental period started when the birds were 26 weeks 
old. 	 11 
Diet compositions are given in Table 1. The standard 
layer's diet was found by analysis to contain 6.5 mg of 
riboflavin/kg, an amount that exceeded the minimum 
requirement of 2.2 mg/kg for egg-laying in hens 
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Barley 255 - 
Wheat 193 300 
Maize 242 - 
Maize starch - 348 
Isolated soybean - 170 
protein 
Soybean meal 104 - 
(extracted) 
Herring meal 48 - 
Meat and bone meal 19 - 
Grass meal 50 - 
Limestone flour 68 80 
CaHPO4,2H20 14 40 
Salt 2 4 
Vegetable oil - 50 
Mineral supplement* 2.5 2.5 
Vitamin supplement At 2.5 - 
Supplement B - 5.5 
* Supplied (mg/kg of diet): copper, 3.5; iodide, 0.4; iron, 80; 
magnesium, 300; manganese, 100; zinc, 50. 
t Supplied (per kg of diet): retinol, 2.0 mg; cholecalciferol, 
20 1ug; a-tocopherol, 17 mg; riboflavin, 4mg; nicotinic acid, 
28 mg; pantothenic acid, 10 mg. 
Supplied (per kg of diet): retinol, 3.0 mg; cholecalciferol, 
50 4ag; a-tocopherol, 10 mg; menadione, 1.2 mg; thiamin, 
1.5 mg; folic acid, 0.4 mg; pyridoxine, 4 mg; nicotinic acid, 
20 mg; panthothenic acid, 20 mg; cyanocobalamin, 10 tg; 
choline chloride, 0.5 g; DL-methionine, 3 g, L-tryptOphafl, 0.6 g. 
(National Research Council, 1984). The riboflavin-
deficient diet was found to contain 1.2 mg of riboflavin! 
kg. Analysis of supplemented diets confirmed that the 
appropriate amounts of riboflavin had been added to 
each. 
Experimental design 
A total of 12 hens, all with a high rate of egg-laying, 
were allocated to each of eight experimental groups. 
Hens were housed in individual battery cages. At the 
start of the experiment, six groups were transferred to the 
riboflavin-deficient diet supplemented with 0, 1, 2, 3, 10, 
or 40 mg of riboflavin/kg. The remaining two groups 
were maintained on the standard layer diet as controls. 
Plasma samples from each bird were taken at weekly 
intervals and pooled by groups. Individual egg production 
was monitored, and eggs laid on days 0, 7, 14, and 21 
were collected for analysis of riboflavin and riboflavin-
binding protein. If an egg was not available from a hen 
on a particular day, the egg laid by that bird on the 
previous day was taken, if available. 
Preparation of samples 
A 1 ml sample of blood was taken from a wing vein of 
each bird and pooled with blood samples from the other 
hens in the group in a chilled plastic tube containing 
15 ,ug of a 15 mg/ml solution of heparin (Sigma 
Chemical Co., St. Louis, MO, U.S.A.). Red blood cells 
were removed by centrifugation (10 min at 1000g) and 
the plasma was stored frozen at —20 °C. 
Egg yolk and albumen were separated. Albumen 
adhering to yolks was removed by gently rolling yolks on 
paper towels. The yolk and albumen from each egg was 
weighed. The separately pooled albumen and yolk 
samples from each group were homogenized with a 
motor-driven propeller. Albumen samples were stored 
frozen at —20 C° without dilution. Yolk samples were 
diluted (25% w/w) and homogenized with 25 mM-
Tris/HCI, pH 7.5, before being frozen. 
Radioligand binding assay for riboflavin-binding protein 
The assay for riboflavin-binding protein (Lotter et al., 
1982; White, 1986) is based on the protein's ability to 
bind riboflavin specifically with high affinity 
(KD 2 nM). D-[2- 14C] Riboflavin (52.4 mCi/mmol; 
Amersham International) was incubated with diluted 
samples at room temperature for 10 min by which time 
added radioactive riboflavin had come to isotope 
equilibrium with endogenous unlabelled riboflavin. 
Bound and free riboflavin were separated by DEAE-
cellulose chromatography and the bound radioactivity 
was determined by liquid-scintillation counting. The 
concentration of riboflavin-binding sites and the frac-
tional saturation by endogenous riboflavin was deter-
mined graphically. Although a fractional saturation of 
less than zero is impossible, values less than zero can be 
obtained by graphical analysis on samples that contain 
little or no endogenous riboflavin. This method assumes 
that binding is reversible, that isotope equilibrium is 
attained during the incubation period, that free and 
bound riboflavin are completely separated and that there 
is a total recovery of bound riboflavin. In order to 
correct for any losses, a sample of homogeneous 
apo-(riboflavin-binding protein) was used as a standard 
in each set of analyses. It was observed that the 
concentration of the binding protein based on the 
specific radioactivity of the bound [14C]riboflavin 
underestimated the actual protein concentration by 40%. 
Fluorescence assay for riboflavin 
Because virtually all the flavin in egg and plasma from 
laying hens is riboflavin bound non-covalently to 
riboflavin-binding protein, there was no need to 
acid-hydrolyse these samples before analysis. The 
following procedure was adapted from that described by 
Koziol (1971). Plasma, albumen and yolk samples were 
thawed and diluted 10-, 20- and 40-fold (w/v) respectively 
with 25 mm-Tris/HC1, pH 7.5. A 2 ml portion of diluted 
sample was mixed with an equal volume of 20% (w/v) 
trichioroacetic acid. After 10 mm, the precipitated 
protein was removed by centrifugation. To 3.0 ml of the 
supernatant were added 0.75 ml of 4 M-KH 2PO4 and the 
fluorescence was measured at 530 nm with excitation at 
450 nm in a ]Perkin—Elmer 3000 fluonmeter. All transfers 
and incubations were conducted in the dark or in 
subdued light. 
Riboflavin was recrystallized twice from acetic acid 
and its concentration in stock solutions was determined 
spectrophotometncally at 260 nm, 375 nm and 450 nm 
(Yagi, 1962). Internal and external standards were used 
to determine riboflavin concentrations in the samples. 
Light-scattering caused by turbidity was a problem in 
albumen samples. The light-scattering contribution to 
the measurements on these samples was determined by 
re-analysing the samples after photolysing the riboflavin 
1986 
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Table 2. Egg production and riboflavin content of plasma, yolk and albumen from hens fed different amounts of riboflavin 
Treated 
Supplemental riboflavin 
(mg/kg). .. 0 1 2 3 10 40 Control 
Egg production (% hen S day) 
Pretreatment week - - - - - - 90.0±6.9* 
Week 3 32 76 80 83 74 81 75, 85 
Riboflavin content of: 
Plasma (ag/mI) 
Pretreatment - - - - - - 0.88±0.04* 
Day 7 0.18 0.38 0.57 0.70 0.80 0.87 - 
Day 14 0.04 0.17 0.37 0.42 0.68 0.53 - 
Day 21 0.04 0.18 0.31 0.44 0.70 0.89 0.87, 0. 75t 
Yolk (ug/g) 	 . 
.Pretreatment - - - - - - 4.94±0.31* 
Day 7 1.61 2.38 338 3.77 4.61 4.56 - 
Day 14 ' 0.85 1.64 2.66 3.74 4.72 4.64 - 
Day 21 0.77 1.18 2.28 2.90 4.51 4.74 5.08, 5.62t 
Albumen (ug/g) 
Pretreatment - - - - - 
- 3.90±0.16 
Day 7 	. 0.58 1.54 2.47 2.75 3.47 3.47 - 
Day 14 0.49 0.96 2.05 3.37 4.07 4.42 - 
Day 21 0.58 0.68 1.59 2.55 3.98 4.22 4.05, 3.96 
* Mean ± S.D. for the six groups immediately before the treatment pefiod 
t Values for two groups of hens maintained on the control diet throughout the experimental period. 
All values are corrected for light-scattering. 	 + 	 .,--• 
§ '% Hen day' is a convenient unit used in poultry research to express the rate of egg laying for a group of hens. Its value is given 
by the equation: % hen -day = a/bc x 100, where a is the number of eggs laid by b hens in c days. 
in sunlight for 1 h. Destruction of ribdflavin is complete 
under these conditions. 
Riboflavin in the staridard and riboflavin-deficient 
diets was determined as described above, but after acid 
hydrolysis (Koziol, 1971). There was a significant 
amount of fluorescent material in the riboflavin-deficient 
feed samples that was not destroyed by photolysis. The 
portion that was destroyed by sunlight '(-j 40%) was 
considered to be riboflavin. Because other fluorescent 
compounds may also be destroyed, the riboflavin 
estimate for the riboflavin-deficient sample is an upper 
limit. 
RESULTS 
Riboflavin content of plasma, yolk and albumen 
The concentration of riboflavin in plasma, yolk and 
albumen from laying hens displays saturation behaviour 
in relation to the amount of riboflavin in' the diet (Table 
2). Half-maximal deposition in yolk and albumen occurs 
on diets containing a total of about 3 mg of riboflavin/kg 
(the riboflavin-deficient diet supplemented with 2 mg of 
riboflavin/kg). There is little, if any, additional deposition 
of riboflavin when the dietary riboflavin is increased 
from 10 to 40 mg/kg. 
The transfer of hens from the control diet to diets 
containing -3 mg of supplemental riboflavin/kg or less 
caused a marked decrease in the riboflavin content of 
plasma, yolk and albumen. It would appear from the 
kinetics of these changes that internal sources of 
riboflavin turn over and equilibrate with dietary 
riboflavin within 2 weeks.. 
Egg production by the riboflavin-deficient group was 
drastically, decreased, because several hens ceased laying 
and those that continued 'to lay 'produced fewer eggs' 
(Table 2). Analyses from this group-were made on eight 
eggs at day 14 and six eggs at' day 21, whereas 'a 
minimum of ten, but usually 11 or 12 eggs, were 
represented in the samples from the other groups. 
Because plasma samples were taken from all birds in a 
group regardless of their laying status and pooled, the 
riboflavin-deficient plasma samples come from a hetero-
geneous population and are not directly comparable with 
corresponding' plasma samples from the-other groups. - 
Riboflavin-binding-protein content of plasma, yolk and 
albumen 
The 'concentration of riboflavin-binding protein in 
plasma, yolk and albumen is independent of dietary 
riboflavin (Table 3). The values for samples taken on 
successive weeks were so similar that they wéreaveraged' 
by groups. The concentration Of riboflavin-binding 
protein in yolk is about six times greater than that in the 
plasma from which it is derived (6.08 ± 0.48 for all but the 
riboflavin-deficient group). This value in turn -is similar 
to the factor by which riboflavin is concentrated in yolk 
relative to plasma (6.75±1.35). In other words, the 
concdntrãtion ratio is virtually the same -for 'the vitamin 
and its binding protein and independent of dietary 
riboflavin.  
The percentage saturation ofriboflavin-bindingprotein," 
determined by the graphical method of Lotter et al. 
(1982) and tabulated in Table 3 or by comparing the 
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(mg/kg). .. 	 0 	1 	 2 	 3 	10 	40 Control 
[Riboflavin-binding protein]* in: 
Plasma (mg/1) 	 - 
Pretreatment (n = 6) 	 - 	- 	- 	- 	- 	- 64±7 
Treatment 	 - 67+12 85±27 64+14 65±9 59+19 91, 92t 
Yolk (mg/kg) 
Pretreatment (n = 6) 	 - 	- 	- 	- 	- 	- 568+ 119 
Treatment 	 314±41 405±15 504+118 	427±43 390+ 35 407±24 501,515t 
Albumen (mg/kg) 
Pretreatment (n = 6) 	 - 	- 	- 	- 	- 	- 905+ 75 
Treatment 	 728±53 786+112 	782+13 820+148 	685+ 19 757±33 811, 800t 
Percentage saturation* in: 
Plasma 
Pretreatment 	 - 	- 	- 	- 	- 	- 109+28 
Treatment - 23±15 48±30 65±10 90+12 104±50 97,103t 
Yolk 
Pretreatment 	 - 	- 	- 	- 	- 	- 78±40 
Treatment 11±19 31±6 64±48 85±15 108±25 118±40 113,103t 
Albumen 
Pretreatment 	 - 	- 	- 	- 	- 	- 42+12 
Treatment —16±16 —9±17 21±17 21±26 17±11 30±12 40,37t 
* Values are means ± S.D. for samples taken on day 0 for the pretreatment group and on days 7, 14 and 21 for the treatment groups; 
1 mg of riboflavin-binding protein binds 12.5 4ug of riboflavin. 
t Values at day 21 for two groups of hens maintained on the control diet throughout the experimental period. 
Values declined through the experimental period as more hens ceased to lay. 
§ Saturation values were determined graphically. Negative values are 'physically impossible', but here provide an indication of the 
error in the method. 
riboflavin-binding capacity derived from the data in 
Table 3, show that riboflavin-binding protein is saturated 
with riboflavin only when dietary riboflavin is high 
(>10 mg/kg). There is little evidence for significant 
amounts of unbound riboflavin in any of the samples. 
DISCUSSION 
Riboflavin deposition in eggs 
Our results for the deposition of riboflavin in the yolk 
and albumen of chicken eggs in response to dietary 
riboflavin agree with those of Stamberg et al. (1946) and 
Petersen et al. (1947). At the time of their work, it was 
not known that the transfer of riboflavin to the egg was 
dependent upon riboflavin-binding protein. The data 
presented here demonstrate that the amount of riboflavin 
in an egg is limited by the amount of riboflavin-binding 
protein and that, even at high riboflavin intake, little, if 
any, unbound riboflavin appears in the egg. 
Whereas the deposition of riboflavin in yolk involves 
the direct transfer of the vitamin—protein complex from 
plasma, the deposition of riboflavin in albumen is not 
understood. Chickens are atypical birds in that more 
than half of the riboflavin in their eggs is in the albumen 
(Feeney & Allison, 1969). As a consequence, their 
albumin has a definite yellow colour compared with the 
colourless albumen of most other birds. The fact that all 
bird eggs examined have riboflavin-binding protein in 
their albumen (Feeney & Allison, 1969) that is 
synthesized in the oviduct (Mandeles & Ducay, 1962), 
implies that the oviduct in the chicken has the capacity 
to accumulate riboflavin from the blood. It has been  
assumed that this occurs by the uptake and lysosomal 
destruction of plasma riboflavin-binding protein (Miller 
et al., 1982a). This releases riboflavin to be bound by the 
newly synthesized binding protein. The distinctive 
post-translational glycosylations of plasma and albumen-
derived riboflavin-binding protein (Miller et al., 1982a; 
Hamazume et al., 1984; Norioka et al., 1985) seem to 
preclude a direct transfer from the plasma to the 
albumen. Our observation that riboflavin-binding protein 
in chicken albumen remains less than half-saturated 
implies that it is the capacity of the plasma-to-oviduct 
transfer process rather than the amount of binding 
protein that limits the amount of riboflavin deposited in 
albumen. 
Deposition of riboflavin-binding protein in the egg 
The results of Benore-Parsons et al. (1985), which 
suggest that apo-(riboflavin-binding protein) is deposited 
in yolk, have been confirmed. This indicates, that, if there 
is a receptor for this protein on the oocyte plasma 
membrane, it is unable to exclude the apoprotein. 
Furthermore, the fact that the concentration ratio of 
riboflavin between yolk and plasma is indistinguishable 
from that of riboflavin-binding protein suggests there is 
no discrimination between apo and holo forms during 
yolk deposition. This is consistent with the physico-
chemical behaviour of phospho groups on riboflavin-
binding protein. 
Miller et al. (1982b) showed that removal of phospho 
groups from riboflavin-binding protein drastically reduced 
the deposition of the 1251-labelled protein in oocytes. It 
was presumed that a receptor on the oocyte plasma 
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membrane was recognizing these phospho groups and, 
that the conformation of the highly phosphorylated 
region of the sequence (Fenselau et al., 1985) would 
change upon binding riboflavin. However, the 31P-n.m.r. 
spectra of apo- and holo-proteins were indistinguishable, 
despite the presence of well-dispersed resonances (Miller 
et al., 1984). Our observations imply that the conforma-
tional differences between apo- and holo-protein observed 
with c.d.. and o.r.d. by Zak et al. (1972) also are not 
recognized by a receptor, if such exists. Although these 
results are contrary to our expectations, they may relate 
to a more generalized and less discriminating process 
associated with the endocytosis of yolk proteins. 
The results observed for riboflavin and riboflavin-. 
binding protein here are in contrast with those for biotin 
and its two binding proteins in laying hens (White & 
Whitehead, 1985). There only the saturated proteins are 
found in plasma and yolk, and the production of the 
proteins is in some way controlled by the availability of 
biotin. Here the production and deposition of riboflavin-
binding protein is unaffected by the availability of 
riboflavin. 
Dynamics of riboflavin-binding protein in plasma 
There have 'been a number of reports on the half-life 
of labelled riboflavin-binding protein in laying hens and 
the effects of various modifications (Hammer et al., 1971; 
Miller etal., 1981 a,b, 1 982a,b). The observed values of 2 h 
or less are in contrast with the 6-10 h for immature birds 
without functioning ovaries (Murthy & Adiga, 1977). In 
the studies with laying hens, only 10-12% of the injected 
labelled protein was deposited in yolk. Thus the 
observed' half-lives may reflect atypical clearance of 
damaged protein rather than typical metabolism of the 
native protein. 
If all riboflavin-binding protein in the plasma were 
destined for the yolk with a half-life of 2 h, the total 
amount-of the circulating protein should be about 1 mg. 
This is considerably less than the value of 4 mg that we 
calculate in an estimated blood volume of 105 ml 
(Newell & Shaffner, 1950). It seems apparent under 
normal physiological conditions 'that either a relatively 
small proportion of the circulating riboflavin-binding 
protein is destined for the yolk or the plasma half-lives 
are considerably longer than estimated with labelled 
riboflavin-binding protein. 
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Breeding hens were used to investigate the effects of 
aluminate and borate ingestion on riboflavin metabolism. 
Groups of six hens were fed on either a control diet, or the 
control diet plus 15 g kg -1 of either sodium metaborate or 
sodium meta-aluminate. All diets contained 6 mg kg - ' 
riboflavin. Daily egg production per hen in the borate group 
had mean values of 071, 021 and 002 for the three 
weeks of the study. The values were 091, 091, 0'86 and 
086, 074, 089 for the control and aluminate groups, 
respectively. Fertility (fertile eggs per 100 set) and hatch-
ability (live chicks per 100 fertile eggs) were both nil in the 
borate-treated hens, compared with 57 and 95 and 59 and 
100 for the control and aluminate-treated hens, respectively. 
Fluorimetric analysis of blood plasma, egg yolk and 
albumen showed that the riboflavin contents of all tissues 
were greatly reduced in the borate-treated hens. Borate 
ingestion can therefore induce a severe riboflavin deficiency 
in the hen, but aluminium, a more universal contaminant of 
food or water, did not impair riboflavin metabolism when 
fed as aluminate. 
SPORADIC occurrences of a field problem involving 
depressed egg production and hatchability have been seen in 
broiler and layer breeder flocks in the uic A high incidence 
of 'clubbed' down, the presence of coiled feathers following 
failure of feathers to rupture the feather sheath, in embryos 
and hatching chicks and the identification of some nerve 
degeneration led to the suggestion that the problems might 
be related to riboflavin deficiency. Deficiency of this vitamin 
depresses egg production and hatchability and causes abnor-
malities in hatching chicks that include bone abnormalities, 
curled-toe paralysis, degeneration of the myelin sheaths of 
nerves and, in some strains, clubbed down (Scott et al 1982). 
Dietary analysis did not support the diagnosis of ribo-
flavin deficiency, since dietary levels lay within an adequate 
range (>8 mg kg'). The requirements for layers and 
breeders are 25 and 4 mg kg - I, respectively (Petersen et al 
1947a,b, ARC 1975). Likewise, measurement of the yolk 
riboflavin content of some eggs from affected flocks did not 
suggest the values were lower than for eggs from normal 
flocks (C. C. Whitehead, unpublished observations). These 
observations led to suggestions that, if the problem was 
related to riboflavin, it might -be caused by some factor 
interfering with the metabolism of the vitamin. 
Some metal ions are known to complex with riboflavin or 
with the active forms of the vitamin, flavin adenine dinucleo-
tide and flavin mononucleotide. Borate binds to the ribityl 
side chain of riboflavin forming a water-soluble complex  
that is metabolically inactive. Injection of borate into the 
yolk sac of embryonated chicken eggs produced skeletal 
malformations including shortening of the mandible, facial 
coloboma and cleft palate, shortening and bending of the 
tarsometatarsus and poor development or complete absence 
of toes. In chicks that did hatch, curled-toe paralysis was the 
most prominent feature (Landauer 1953). 
Aluminium is frequently present in water supplies and 
aluminate and borate ions have some chemical similarities. 
Injection of aluminate into fertilised eggs has been shown to 
cause abnormalities similar to those caused by borate 
(Landauer 1953). Pregnant rats given intraperitoneal injec-
tions of aluminium chloride produced offspring with bone 
malformations (Bennet et al 1975). The specific effects of 
borate and aluminate on riboflavin metabolism in breeding 
hens were further investigated in the following experiment. 
Eighteen Isa-Brown hens were divided into three groups of 
six and fed either a control diet (normal layer mash) or the 
control diet supplemented with 15 g kg - of either sodium 
metaborate or sodium meta-aluminate. The diet contained a 
supplement of 4 mg riboflavin kg - ' and a probable total 
level of 6 mg kg - I. Both food and water were available ad 
libitum. 
The hens were housed in individual cages of a battery unit. 
Before starting the experimental diets blood plasma samples 
were taken, using heparin as anticoagulant. Samples of yolk 
and albumen were taken from newly laid eggs, and together 
with plasma were analysed fluorimetrically for riboflavin 
according to the method of White et al (1986). 
The hens were fed the experimental diet for 10 days. 
During this period plasma, egg yolk and albumen were 
analysed for riboflavin. Hens were then inseminated, and 
after two days, eggs were collected for one week and 
incubated. Infertile eggs were counted and dead-in-shell 
embryos were examined at the gross level for abnormalities. 
Blood samples were collected from newly hatched chicks by 
decapitation and the plasma riboflavin content was 
measured. Data were analysed by analysis of variance using 
the Genstat 5 statistical package. 
Egg production (Table 1) was severely depressed in the 
hens fed the diet supplemented with IS g kg -1 sodium 
metaborate. The hens stopped laying-after consuming the 
diet for nine to 10 days,. and did not resume laying until 
approximately 10 days after transfer back to the control diet 
at the end of the experiment. Only one egg was set following 
insemination of this group and it proved to be infertile. 
Egg production was not significantly affected (P >0.05) 
by supplementation of the diet with 15 g kg —1  sodium meta- 
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TABLE 1: Production, fertility and hatchability of eggs from hens fed a diet supplemented with 
sodium metaborate or sodium meta-aluminate over a three-week period 
Egg production (eggs per hen d 1) - 
Diet 	 Week 1 	 Week 2 	 Week 3 
Control 	 a0.91 (007) 	a0.91 (OO7) 	 (009) 
Sodium metaborate 	 b0.71 (009) b0.21 (015) b0.02 (006) 
Sodium meta-aluminate 	 a0.86 (0 13) 	a0. 74(0 25) 	ao 89 (021) 
Fertility 	 Hatchability 
(fertile eggs per 100 	 (live chicks per 100 
set week 3) 	 fertile eggs week 3) 
Control 	 57 	 95 
Sodium metaborate 	 0 0 
Sodium meta-aluminate 	 59 	 100 
I Standard deviation in brackets 
Within a column egg production values with different superscripts are significantly different 
(P<001) 
aluminate, although there were more soft-shelled eggs (7 per 
cent of eggs laid during the three-week period compared with 
0 per cent on the control diet). 
Addition of borate to the diet significantly decreased the 
concentration of riboflavin detectable fluorimetrically in 
plasma, yolk and albumen (Table 2). By visual comparison 
with the control samples, the plasma did not appear to 
contain as much lipid and had an unusually clear vivid 
yellow colour which was presumed to be due to the water-
soluble riboflavin-borate complex. This complex does not 
fluoresce at the wavelengths used to measure riboflavin; 
titration of a solution of sodium metaborate against a 
solution of riboflavin caused a reduction in fluorescence 
(data not shown). 
Addition of aluminate to the diet did not significantly alter 
plasma, yolk or albumen riboflavin concentration in hens. 
Plasma riboflavin was actually higher in pooled samples 
from chicks from hens fed the aluminate-supplemented diet 
(1 50 tLg ml - ') than from chicks from hens fed the control 
diet (1.23 ug ml - '). 
Hatched chicks from hens fed the aluminate-supple-
mented diet appeared completely normal. There were no 
bone deformities or clubbed down. There were no dead-in-
shell embryos from this group; eggs which were set but did 
not hatch were found to be infertile. There was one dead-in-
shell embryo from the control group. 
The results from this experiment confirm that borate has 
a detrimental effect on the riboflavin status of the breeding 
hen. The riboflavin-borate complex was present in the 
plasma and depressed the amount of free riboflavin avail-
able for binding to riboflavin-binding protein and  
subsequent transfer to the egg (White et at 1986). This 
depression in available riboflavin impaired considerably the 
reproductive capacity of the hens. Borate is perhaps an 
unlikely dietary contaminant, but it can occur in artesian 
water and borate salts have been used to treat wood to make 
it less flammable (R. Lang, personal communication). 
Aluminium is a more universal contaminant than borate. 
Diets made from practical ingredients may contain 150 to 
200 mg kg - ' aluminium (Ondreika et at 1966, Valdiva-
Rodriguez 1977). Aluminium is present in water supplies, 
either leached from aluminium-containing rocks or from 
aluminium sulphate added as a clarifying agent. Typical 
levels in mains water supplies are 02 mg litre - i (Allen and 
Sansom 1989) although the solution chemistry of aluminium 
is complex and this figure refers to the total content. 
The aluminate ion resembles the borate ion in terms of 
size, and the two elements are in the same group in the 
periodic table. However, aluminate was not found to have 
any adverse effects on the riboflavin status of hens. Thus, 
rate of egg production and plasma and egg riboflavin 
content detectable by fluorimetric assay were not affected. 
The results of the experiment confirm the principle that 
complex formation can impair the riboflavin status of 
breeding hens. However, if borate represents a typical 
mechanism, it should be possible to detect the depressed 
riboflavin status by measuring the riboflavin content 
of eggs or the protein-bound riboflavin in hen plasma. 
Such measurements in future cases of depressed hatch-
ability and clubbed down in breeders might give some 
insight into the nature of the problem. However, the pre-
liminary observations of normal riboflavin contents in eggs 
TABLE 2: Riboflavin content of egg yolk and albumen, and blood plasma before and after one week 
of feeding diets supplemented with sodium metaborate or sodium meta-aluminate 
Plasma Yolk Albumen 
(igml) (Lgg 1 ) (zgg 1 ) 
Before treatment 081 (004( 393(026( 3-24(0-13) 
15 g kg 1 sodium metaborate ao 05 (0 01) a2-60(0.12) a2-09(0.20)  
159 kg 	sodium meta-al uminate b0.93  (0O4) b3.98(0-38) b2-73(0.18) 
Control b0.88 (0 	ill b3 - 27(0 - 25) b3-22(0.36) 
Pooled means from all 18 birds 
Means and standard error of means in brackets 
Within a column values with different superscripts are significantly different (P <001) 
Riboflavin deficiency in hens 
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from affected flocks suggest that a factor other than the 
complexing of riboflavin is involved. Since clubbed down is 
not an in consequence of riboflavin deficiency, but 
depends on the presence of a particular gene (Buss 1969), it 
is also possible that the field problems are not related to 
riboflavin. 
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Haematological and tissue abnormalities in chicks caused by acute 
and subclinical folate deficiency 
By M. H. MAXWELL, C. C. WHITEHEAD* AND J. ARMSTRONG 
AFRC Institute for Grassland and Animal Production, Poultry Division, Roslin, 
Midlothian EH25 9PS 
(Received 24 February 1987 - Accepted 24 July 1987) 
I. Haematological, histological and ultrastructural findings in young chicks fed on a purified diet severely 
deficient in folate are reported. 
Growth of the birds was greatly depressed and they had a macrocytic anaemia. Other haematological 
changes included abnormal nuclear formations in erythrocytes, numerous mitoses and hypersegmented 
granulocytes. 
Megaloblasts were observed in bone marrow and their fine structure is described for the first time in an avian 
species. 
Morphological changes occurred also in the liver. The parenchyma had damaged sinusoidal endothelium, 
inflammatory cells and no glycogen. Mitochondria were damaged and many were associated with unusual 
crystalline structures. 
Chickens fed on a semi-purified diet of low folate content showed no growth depression or clinical signs of 
deficiency but had abnormal haematological values and morphological changes that resembled those seen in birds 
fed on the purified diet. 
These abnormalities responded to dietary supplements of pteroylmonoglutamic acid in a dose-related 
manner and may be useful in diagnosing subclinical folate deficiency. 
The assessment of vitamin status in poultry flocks depends on specific criteria for individual 
vitamins being available. Such criteria are largely lacking in the case of folic acid. Clinical 
signs of folic acid deficiency in young chickens are very unspecific but include lethargy, 
growth depression and mortality. Specific biochemical criteria of status have not yet been 
established, but haematological abnormalities in folate-deficient chicks have been reported. 
An anaemia described as macrocytic and hyperchromic has been observed by Hogan & 
Parrott (1940) although Campbell et al. (1945) have stated that in some cases it can be 
hypochromic. The anaemia has been characterized by decreases in haemoglobin (Hb) 
concentrations and numbers of erythrocytes, leucocytes and thrombocytes, together with 
increases in erythrocyte size and the proportion of heterophils relative to lymphocytes. 
The present report describes the results of a more detailed investigation at the 
microscopic and ultrastructural level of haematological and other tissue abnormalities 
associated with folate deficiency in young chicks. One experiment was carried out on 
severely deficient birds to characterize the range of abnormalities and to assess their 
specificity for folic acid deficiency. Another studied the changes associated with a less-
severe deficiency and the response to graded additions of pteroylmonoglutamic acid to the 
diet. 
MATERIALS AND METHODS 
Procedure 
Male broiler chicks were housed in compartments of electrically-heated brooders at l-d-old 
and given free access to feed and water. In Expt 1, groups of six chicks were each fed on 
the purified folate-deficient diet (diet A) alone or supplemented with 50 mg pteroyl-
monoglutamic acid/kg. At 21 d of age, individual blood samples were taken by heart 
* For reprints. 
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Table 1. Composition of experimental diets (g/kg) 
Basal diet... 	 A 	B 
Casein (low-vitamin) 186 150 
Gelatin 94 
Isolated soya-bean protein 60 
Meat-and-bone meal 150 
Starch 566 507 
Maize oil 20 50 
Cellulose 75 50 
Limestone flour 20 17 
Dicalcium phosphate 20 
Salt 4 4 
DL-Methionine 45 
L-Cystine 15 
Vitamin and mineral s upplement* 10 10 
* Provided (mg/kg diet): copper 35, iodide 04, iron 80, magnesium 300, manganese 100, zinc 50, sodium 
molybdate 9, sodium selenite 06, potassium chloride 8 g, retinol 2, cholecalciferol 20 tg, a-tocopherol 17, 
menadione 13, thiamin 5, riboflavin 4, nicotinic acid 28, pantothenic acid 10, pyridoxine 8, cyanocobalamin 001, 
biotin 03, choline chloride 15 g. 
puncture; part of each sample was separated into serum or plasma using heparin as 
anticoagulant. The birds were killed by cervical dislocation and various tissues were taken 
for microscopic examinations. 
In Expt 2, a semi-purified diet (diet B) was given to test responses to folate under different 
nutritional conditions. The basal diet was thought to contain relatively low amounts of 
folate, although more than diet A, and it was given alone or supplemented with 2, 4 or 
20 mg pteroylmonoglutamic acid/kg to replicate groups of five to six chicks. Blood and 
tissue samples were taken as described previously at 28 d. The compositions of the basal 
diets are given in Table 1. 
Methods 
Folate assay. Folate concentrations were measured in pooled plasma and serum from each 
group. The assay involved competitive binding with [3H]pteroylmonoglutamic acid 
(Amersham International plc, Amersham, Bucks) on lyophilized bovine milk /3-lac-
toglobulin (Sigma Chemical Co., Poole, Dorset) using the procedures described by 
Waxman & Schreiber (1980). 
Haematology. Blood samples for the haematological tests were mixed with the 
anticoagulant dipotassium salt of EDTA (15 mg/ml blood). The tests included Hb, 
measured by the cyanmethaemoglobin method, and the packed cell volume (PCV) which 
was determined by the microhaematocrit method. The erythrocyte (Rbc), leucocyte (Wbc) 
and thrombocyte counting methods were similar to those described previously (Maxwell, 
1981). The results were used to calculate mean cell volume (MCV), mean cell Hb (MCHb) 
and mean cell Hb concentration (MCHbC). Blood smears were fixed in methanol for 6 mm 
and then stained in concentrated May Grunwald for 3 min and 1 in 10 Giemsa solution 
for 15 min and the Wbc differential counts were performed. 
Reticulocyte counts were carried out on whole-blood samples. Blood (50 sal) was mixed 
with 50 1u1 brilliant cresyl blue, prepared according to Coates & March (1966), and the tubes 
were allowed to stand at room temperature for 60 mm. The reticulocytes were counted by 
the method of Coates & March (1966) and were divided into five stages depending on the 
degree of reticulation. Bone-marrow films were made and stained by the May 
Grunwald—Giemsa method described previously. 
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Table 2. Body-weights and serum and plasma folate concentrations in chicks fed on diets 
supplemented with different  amounts of pteroylmonoglutamic acid 
Basal diet* 	 A 	 B 
Supplemental pteroylmonoglutamic 
acid (mg/kg) ... 	 0 	 50 	0 	2 	4 	20 
Mean se Mean SE 	 Pooled SE 
Body-wt (g) at: 
3 weeks 	 176 16 409 	13 	- 	- 	- 	- 	- 
4 weeks - - 	- - 536 603 577 504 31 
Folate concentration (ng/ml) in: 
Plasma 	 < 1 	640 	< 1 	93 	235 	984 
Serum - 533 < 1 65 120 570 
* For details, see Table 1. 
Histopathology. Pieces of tissue were taken for histopathological examination from birds 
fed on diet A. The tissues included: liver, spleen, heart, kidney, small intestine and skin and 
all were processed in paraffin wax and 4 1um thick sections were stained with haematoxylin 
and eosin (H and E), periodic acid Schiff (PAS) reagent and Glees and Marsland silver stain 
for reticulin. 
Electron microscopy. Pieces of liver and bone marrow were processed for examination in 
an electron microscope. The liver was fixed in 0175 M-sodium cacodylate—osmium 
tetroxide (10 g/I; pH 74, 350 mosmol) for 60 min at 4°. The bone marrow was fixed in 
glutaraldehyde (60 g/l Oi M-Millonig's phosphate buffer; pH 74, 900 mosmol) for 24 h at 
room temperature. The marrow blocks were then washed in 0075 M-sodium cacodylate-02 
M-sucrose (pH 74, 340 mosmol) overnight before post-fixing in the fixative used previously 
for liver. All blocks were dehydrated in ethanol, passed through Inhibisol (Maxwell, 1978) 
and embedded in Araldite. Thick sections (1-0 ,um) were stained with toluidine blue 
(10 g/l) in borax (10 g/l). Ultrathin sections were examined in an electron microscope. 
Statistical analysis 
Values were analysed using Student's t test and by analysis of variance (Expt 2). 
RESULTS 
Clinical signs of folate deficiency 
Values on the performances of the chicks are given in Table 2. Chicks fed on basal diet A 
had the same mean body-weights (107 g) as those fed on diet A supplemented with 50 mg 
pteroylmonoglutamic acid/kg at 7 d of age but growth became depressed during the 2nd 
week. The chicks were less active and some developed distorted feathering. Growth during 
the 3rd week was very poor and 25 % of the deficient chicks died. In a previous experiment, 
90 % had died before the end of the 4th week. Visual inspection of dead birds or survivors 
did not reveal any obvious lesions. 
Group mean body-weights at 28 d of age in Expt 2 were quite variable, partly as a result 
of the relatively large individual variation that is sometimes seen in birds fed on purified 
diets. It was not possible to demonstrate growth depression due to folate deficiency in birds 
fed on basal diet B. Mortality was very low in this experiment, there being only one death 
(a chick fed on the basal diet). 
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Blood folate concentrations 
Plasma or serum concentrations (Table 2) were too low to measure with confidence (values 
below I ng/ml) in birds fed on both basal diets. Measurements were not carried out on 
serum from chicks fed on basal diet A since this showed signs of haemolysis. Folate 
concentrations were much higher in samples from birds fed on folate-supplemented diets 
and in Expt 2 values for both plasma and serum increased approximately linearly in 
relation to the amount of the dietary supplement. Plasma concentrations measured were 
consistently higher than those in serum samples. 
Haematology 
Haematological values are given in Table 3. Mean values for birds fed on diet A alone 
differed considerably from those for the corresponding controls and in most cases these 
differences were highly significant (P <000l). Hb, Rbc and PCV were all markedly 
decreased in the deficient birds whereas MCHb and MCV were increased. Thrombocyte 
and Wbc counts were also lower and the differential count was changed, there being a 
considerable increase in the proportion of heterophils at the expense of lymphocytes. The 
reticulocyte count was also higher (P < 005) in the deficient group. 
In Expt 2, where birds were fed on the semi-purified diet B, there were fewer differences 
between the groups. Nevertheless values for birds fed on the unsupplemented diet showed 
many changes relative to birds given supplemental folate that were in the same direction as 
those seen with diet A. Thus Hb and PCV were lower and MCHb was higher, although 
these differences were not significant (P> 005). However, the decrease in Rbc and the 
increase in MCV in the basal group relative to the group given 20 mg supplemental 
pteroylmonoglutamic acid/kg were significant (P < 005 and P < 001 respectively). 
Moreover, MCV of the group given a supplement of 2 mg/kg was also significantly (P < 
001) increased relative to the two higher supplemental levels. Changes in thrombocytes 
were inconsistent but the proportion of heterophils was increased significantly (P < 001) 
at the expense of lymphocytes in birds fed on the unsupplemented diet. This group also 
showed a higher reticulocyte count (P <00l). These immature cells are shown in Plate 1 
(a). 
Romanowsky-stained blood films from birds fed on diet A showed cells with many 
morphological abnormalities compared with those from the control group (Plate 1 (b)). 
These abnormalities persisted in birds fed on diet B alone, although with decreased 
regularity, and their incidence decreased further as dietary folic acid increased in 
concentration. A prominent Rbc abnormality was enlarged multi-lobular nuclei, many of 
which had as many as five distinct lobes (Plate 1 (c)). Some cells were spindle-shaped in 
appearance, containing large, densely-stained, round to oval nuclei and little cytoplasm 
(Plate I (d)). Many nuclei were eccentric and occasionally macrocytes were seen (Plate 2). 
Large numbers of granulocytes also showed hypersegmentation (Plate 3 (a)). The blood 
picture was generally hyperchromic. 
Histopathology 
The liver and bone marrow were the only tissues to show pathological change. In birds fed 
on diet A alone, livers were enlarged, friable and pale, and, microscopically, oedema was 
present in the portal tracts and parenchyma. There was much damage and separation of the 
sinusoidal endothelium from the hepatic cords. Pyknotic nuclei were common. Large 
numbers of inflammatory cells were seen in areas adjacent to the portal tracts and Kupffer 
cells were prominent. The liver parenchyma was devoid of glycogen after the PAS reaction 
and reticulin fibres were poorly stained, compared with the control group. 
Table 3. Haematological values in chicks at 3-4 weeks of age fed on diets supplemented with different amounts of pteroylmonoglulaniic 
acid 
Basal diet ... 	 A 	 B 
Supplemental pteroylmonoglutamic acid (mg/kg) ... 	 0 	 50 	 0 	2 	4 	20 
No. ofbirds ... 	 9 23 10 II II II 
Pooled si 
Mean 	SE 	 Mean 	SE 	 (42 dl) 
Hb (g/100 ml) 19° 28° 881 21 826 936 923 897 409 
Rbc (10 6 /mm3) 040° 007 232 006 175° 193 210 206 008 
PCV 0071° 0010 0285 0005 0250 0286 0272 0270 095 
MCHb (pg) 4980 21 381 lI 473 485 443 434 147 
MCHbC 02670 0011 0308 0005 0328 0326 0340 0332 098 
MCV (pm') 1880° 111 1236 25 1444b 148.6b 1297 1308 287 
THR (103/mm3) 134b 29 231 12 205 170 222 155 191 
Wbc (103/mm 3) 282° 044 817 081 4590 527 544 516 064 
H (/10 Wbc) 721 68 340 31 554b 378 323 324 362 
E(/IO3 Wbc) 48 21 17 4 23 8 14 13 50 
B 	103  Wbc) 10° 5 60 6 75 55 77 66 108 
L(/103 Wbc) 220° 56 534 30 293' 519 549 556 370 
M (/10 Wbc) 00 - 47 8 39 35 41 55 124 
Reticulocytes 0455° 0046 0369 0016 0442b 0326 0 342 0348 24 
Hb, haemoglobin; Rbc, erythrocytes; PCV, packed cell volume; MCV, mean cell volume; MCHb, mean cell Hb; MCHbC, mean cell Hb concentration; THR, 
thrombocytes; Wbc, leucocytes; H, heterophils; E, eosinophils; B, basophils; L, lymphocytes; M, monocytes. 
a.b.c Within a row and basal diet, mean values with different superscript letters are significantly different from the value for the diet with the largest supplement: 
'P<0os, bp < Ø.01 	 0 .00 1.  
I 
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In birds given diets A and B without added pteroylmonoglutamic acid, bone-marrow 
sections and smears revealed many large basophilic erythroid cells, in addition to the 
normal immature forms that were considered to be megaloblasts (Plate 3 (b)). Frequently, 
there were many cells of the Rbc series displaying various phases of mitosis and macrocytes 
were common. 
Electron microscopy 
The megaloblasts present in the bone marrow were large cells measuring approximately 
134 (SE 190)itm diameter with a range of 10-3-19-0 #m. They were generally ovoid in 
appearance with a relatively smooth cytoplasmic membrane containing only a few 
pseudopodia. The nucleus was also large, occupying approximately two-thirds the volume 
of the cell. The mean measurement in its greatest dimension was 925 (SE 11 5) um (range 
7.0_11.0 1am). The nuclei were extremely variable in shape, ranging from round to 
oval forms with smooth outlines, to those with elongated configurations containing 
large indentations. Some of these nuclei had appendages of nuclear material or clefts 
(Plate 3 (c)). 
The nucleoli measured 366 (SE 106) 1um in their largest dimension with a range of 
1 -9-5 - 5 ,am. The majority of cells had only one nucleolus but occasionally two were seen in 
some cells. A part of the nucleolus was sometimes attached to the nuclear membrane with 
a wide base. No other heterochromatin areas were seen within the nuclei. 
The majority of mitochondria were small, measuring approximately 02-03 m in 
diameter, with longer forms measuring up to 20 ,um. The mean number of mitochondria 
per cell profile was 420 (SE 13.3) with a range of 25-79. In some megaloblasts, 
mitochondrial degeneration was evident with swelling and loss of cristae formation (Plate 
4(a)). Vesicles caused by dilated cisternae of rough endoplasmic reticulum were seen either 
adjacent to damaged mitochondria or the nuclear membrane (Plate 4 (a)). The Golgi 
apparatus was poorly developed and only occasionally were small electron-dense specific 
granules present (Plate 4 (b)). Infrequently, annulate lamellae and small electron-opaque 
lipid droplets were seen in some cells. Many of the Rbcs from the folic acid-deficient birds 
were abnormal in shape with much vacuolation occurring in the cytoplasm (Plate 4 (c)). 
Ultrastructurally, the hepatocytes in the livers of folate-deficient birds had generally a 
decreased electron density compared with those from the control group. The nuclei were 
of normal appearance but a prominent cytoplasmic feature was a granularity present in 
many mitochondria (Plate 4 (d)). Although their size had not altered, the mitochondria 
frequently had a leached appearance and often the cristae were poorly organized or very 
indistinct. Many of these mitochondria were associated with dense osmiophilic rods which 
were usually seen residing between mitochondria (Plate 5 (a)) but occasionally within the 
organelles (Plate 5 (b)). Frequently the structures altered the shapes of the mitochondria 
and sometimes they extended beyond the limits of the mitochondrial membranes. The rods 
occurred in a variety of sectional planes and the longest encountered measured 
approximately 42 /um. In some instances the rods displayed a linear crystalline substructure 
(Plate 5 (c)) with a mean repeat pattern measurement of 15 nm. There appeared to be an 
increase in peroxisomes but no glycogen particles or rosettes were seen in the hepatocytes 
of deficient birds. 
DISCUSSION 
The results of the present investigation confirm that folate deficiency causes hyperchromic 
macrocytic anaemia in young chickens. The birds fed on the basal diet A were severely 
deficient, as judged by growth rate, plasma folate concentration and mortality. They 
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showed greatly decreased Rbc numbers and total Hb but increased MCHb and MCV, 
characteristic of macrocytosis. These characteristics, together with thrombocytopenia and 
an increased proportion of heterophils relative to lymphocytes, have already been reported 
in folate-deficient chicks (Hogan & Parrott, 1940; Campbell et al. 1945). 
Other haematological abnormalities observed in the present study included leucopenia, 
raised reticulocyte numbers, abnormally shaped Rbc nuclei, numerous mitoses, hyper -
segmentation of granulocyte nuclei and the presence of megaloblasts in bone marrow. 
These numerical and morphological changes seen in blood and bone-marrow cells are 
similar to those reported previously in human and other mammalian folate deficiencies 
(Bessis, 1973; Schaim et al. 1975; Wintrobe et al. 1981; Zucker-Franklin et al. 1981). 
However, so far as we are aware, this is the first time megaloblasts have been reported in 
avian bone marrow. These cells were large with prominent nucleoli, nuclear clefts and 
numerous mitochondria, many of which appeared damaged. Degeneration of mitochondria 
has been described previously in human megaloblasts (Ito et al. 1964; Wickramasinghe & 
Bush, 1977; Zucker-Franklin et al. 1981). It has been suggested that most of these 
degenerative changes lead to death of the affected cells and consequent phagocytosis by 
bone-marrow macrophages (Zucker-Franklin et al. 1981). 
The structural changes seen in livers from folate-deficient birds may be related to the 
altered liver metabolism seen in folate deficiency diseases in man (Wintrobe et al. 1981). 
The presence of inter- and intramitochondrial crystalline structures may be important in 
understanding the involvement of these organelles in stresses induced by dietary 
deficiencies. Crystalline structures with repeat pattern measurements from 8 to 15 nm have 
been reported in hepatocytes from protein-deficient dogs (Ericsson et al. 1966) but appear 
to be quite different to those observed in the present study. Crystalline inclusions within 
mitochondria have been widely documented (Ghadially, 1982) but none have resembled the 
structures reported here. If these crystals affect mitochondrial function, examination of the 
mitochondrial respiratory-chain enzymes in folate deficiency may be worth further 
study. 
In birds fed on the semi-purified diet B, plasma and serum folate concentrations were low 
in the unsupplemented group but the growth rate of these birds relative to the supplemented 
groups did not suggest that they were clinically folate-deficient. However, evidence that 
these birds were subclinically deficient came from a range of haematological differences that 
were similar in direction, if not magnitude, to those seen with diet A. Hb concentration was 
relatively normal, but Rbc and reticulocyte numbers and MCV all showed significant 
changes. The proportion of heterophils in relation to lymphocytes was also greatly 
changed. These abnormalities responded to increasing levels of dietary pteroylmono-
glutamic acid but a supplemental level between 2 and 4 mg/kg was needed for all 
responses to reach a plateau. This contrasts with the chick growth requirement estimated 
by the (US) National Research Council (1984) to be 055 mg/kg. 
Morphological abnormalities characteristic of folate deficiency were also seen in birds 
fed on unsupplemented diet B. Typical of these were abnormally-shaped Rbc nuclei, 
mitoses, hypersegmentation of granulocyte nuclei and the presence of megaloblasts in bone 
marrow. The similarity of the pathological changes seen in birds fed on basal diets A and 
B confirms that the more extreme changes seen with diet A were attributable to folate 
deficiency per se rather than to depressed growth and feed intake. 
Anaemias of different types can be caused by deficiencies of several vitamins. Macrocytic 
anaemia is brought about by defective DNA synthesis and inadequacies in pathways 
involving cobalamin or folate are the most common and best documented causes. 
Ultrastructurally, the abnormalities caused by deficiencies of these two vitamins in humans 
are very similar (Wickramasinghe & Bush, 1977). The present studies show the wide range 
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of haematological and morphological abnormalities of overt folate deficiency in chicks. If 
cobalamin deficiency can be ruled out, the presence of megaloblastic macrocytosis and 
elevated reticulocyte number and heterophil : lymphocyte ratio may also be useful criteria 
of subclinical folate deficiency. 
The authors thank F. Hoffmann—La Roche & Co, Basle, for financial assistance. 
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EXPLANATION OF PLATES 
Plate I. Photomicrographs of chick blood cells in folate deficiency. (a) Reticulocytes (arrows) from bird fed on 
folate-deficient diet B (brilliant cresyl blue stain, x 1120), (b) normal erythrocyte from bird fed on diet A 
supplemented with 50 mg pteroylmonoglutamic acid/kg (May Grunwald—Giemsa stain, x 1500), (c) erythrocyte 
from a bird fed on folate-deficient diet B showing hypersegmentation (May Grunwald—Giemsa stain, x 3000), (d) 
spindle-shaped erythrocytes (arrows) and others with eccentric nuclei () from a bird fed on folate-deficient diet 
A (May Grunwald—Giemsa stain, x 1500). 
Plate 2. Photomicrographs of macrocytes from chicks fed on folate-deficient diet B (May Grunwald—Giemsa 
stain, x 1120). 
Plate 3. Photomicrographs of folate deficiency in chicks. (a) Eosinophil showing hypersegmentation of the 
nucleus from a bird fed on folate-deficient diet A (May Grunwald—Giemsa stain, x 3000), (b) megaloblasts 
(arrows) from a bird fed on folate-deficient diet A (May Grunwald—Giemsa stain of bone marrow smear, x 1120), 
(c) electron micrograph of megaloblast in bone marrow from a bird fed on folate-deficient diet A, showing large 
nucleus (N), nuclear cleft (arrow), prominent nucleolus (Nu) and cytoplasm containing many small mitochondria 
(M), some containing lipid droplets (LD) (x 7610). 
Plate 4. Electronmicrographs of folate deficiency in chicks. (a) Megaloblast in bone marrow from a bird fed on 
folate-deficient diet A showing degenerating mitochondria (M) and vesicular damage (arrows) (x 7610), (b) poor 
development of the Golgi apparatus (GA) and specific electron-dense granules (G) (x 10150), (c) abnormally-
shaped erythrocytes from a bird fed on folate-deficient diet B showing vacuolation of the cytoplasm (arrows) (x 
4370), (d) liver from a bird fed on folate-deficient diet A showing mitochondria (M) with an indistinct granular 
appearance (x 5000). 
Plate 5. Electronmicrographs of liver mitochondria from folate-deficient chicks fed on diet A showing electron-
dense osmiophilic rods. (a) Rod wedged between two mitochondria whose membranes (arrows) immediately 
adjacent to the rod are clearly visible (x 38880), (b) a rod appearing within the matrix of the organelle (x 29160), 
(c) a rod showing a substructure with a repeat pattern of 15 nm (arrows) between two mitochondria 
(x 48600). 
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Relation between some folate-dependent metabolic pathways and 
dietary folate content in chicks 
BY COLIN C. WHITEHEAD AND J. SARAH RENNIE 
AFRC Institute for Grassland and Animal Production, Roslin, Midlothian EH25 9PS 
(Received 12 December 1988 - Accepted 20 February 1989) 
Responses of several folate-metabolizing pathways to dietary folic acid were studied in 2-week-old 
chicks. Oxidation of a histidine load to carbon dioxide was impaired in folate-deficient chicks. There was 
a curvilinear relation between oxidation and dietary folate, and maximum oxidation occurred with 2 mg 
supplemental folic acid/kg. Hepatic activities of glutamic acid formiminotransferase (EC 2.1.2.5) and 
glycine N-methyltransferase (EC 2. 1 . 1.20) were not affected significantly (P> 005) by dietary folic 
acid. The activity of dihydrofolate reductase (EC 1.5. 1.3) in erythrocytes was elevated in folate-
deficient chicks. These studies show that the activities of two folate-dependent pathways can be used as 
biochemical criteria of folate status in chicks. 
Dietary folate: Folate-dependent metabolic pathways: Chicken. 
Specific metabolic criteria of status can be very helpful for assessing requirements for 
individual vitamins in poultry. For instance, pyruvate carboxylase (EC 6.4. 1. 1) and 
glutathione reductase (EC 1.6.4.2) have provided useful information on the status and 
requirements of young chickens or turkeys for biotin (Whitehead & Bannister, 1978) 
and riboflavin (Lee, 1982) respectively. However, comparable criteria are lacking in the 
case of folic acid. 
Previous studies (Maxwell et al. 1988) have identified haematological abnormalities in 
folate-deficient chicks and found that the dietary folate levels needed to prevent some of 
these abnormalities were higher than current estimates of chick folate requirements 
(National Research Council, 1984). However, these haematological abnormalities may not 
have been completely specific for folate status. The studies also established relations 
between blood and dietary folate levels. 
Metabolic pathways directly dependent on folate might provide more specific 
information on folate status. Burns & Jackson (1976) have reported altered activities of 
some folate-metabolizing enzymes in livers from folate-deficient chicks. The present report 
describes the results of further investigations on the effect of folate deficiency on several 
folate-dependent pathways in chicks and the response of these pathways to graded dietary 
supplements of folate. 
MATERIALS AND METHODS 
Birds and husbandry 
Male broiler chicks (l-d-old; D. B. Marshall Ltd, Newbridge, Midlothian) were allocated 
at random to five dietary treatments. The basal folate-deficient diet was similar to the low 
vitamin casein - gelatin - wheat-starch diet A previously used by Maxwell el al. (1988) with 
the addition (/kg diet) of L-argimne (27 g), L-tryptophan (130 mg) and L-cystine (520 mg) 
to improve its amino acid balance. Four other diets were derived from the basal diet by 
supplementation with 1, 15, 2 or 4 mg folic acid/kg using a commercial preparation 
containing 800 g folic acid/kg on a dextrin support (Rovimix Folic 80 SD; Hoffmann-La 
Roche, Basle). The level of 4 mg/kg was considered to be an adequate control in relation 
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to the estimated requirement of 055 mg/kg (National Research Council, 1984). The chicks 
were housed in compartments of wire-floored electrically heated tier brooders and had 
unrestricted access to food and water. They were reared in several batches until 
approximately 14 d of age when they were used in the following studies. 
Reagents 
Radiochemicals were obtained from Amersham International plc, Amersham, Bucks. The 
specific activities of L-[ 1 -' 4C]histidie, S-adenosyl-L-[methyl- ' 4C]methionine and [3',5',7',9'-
3H]pteroylmonoglutamic acid were 56 mCi/mmol, 05 mCi/mmol and 51 Ci/mmol 
respectively. All other reagents were of analytical or scintillation grade. 
Histidine oxidation 
These experiments were performed using a metabolism chamber and carbon dioxide-
trapping system of ethanolamine: 2-methoxyethanol described by Saunderson & 
Whitehead (1987). In a preliminary experiment to compare rates of oxidation, one bird 
from each of the diets containing 0 and 4 mg supplemental folic acid/kg was injected 
intraperitoneally with a dose of 4 jtCi L-[l- 14C]histidine/kg body-weight, contained in 0258 
M-L-histidine (10 ml/kg body-weight). Each bird was placed in the chamber and the 
trapping solution was changed every 30 min over a 3 h collection period. The "CO, 
collected in the solution was measured as described by Saunderson (1985). 
In the main experiment, between ten and fifteen birds, representing each of the five 
treatments, were injected intraperitoneally with 1 1uCi labelled histidine/kg in the same dose 
of unlabelled histidine as before. Evolved 14C0 was collected for 15 h, with the trapping 
solution being changed at 15 min intervals. 
A pair-feeding experiment was carried out on birds fed on the basal and control diets. 
The chicks were fed ad lib. as before for I week and then transferred to individual small wire 
cages in a heated room. The birds were allocated to six groups of three birds on the basis 
of similar body-weight. In each group, two birds continued to be fed on the basal and 
control diets ad lib., while the third bird remained on the control diet but was pair-fed with 
the bird given the basal diet. Histidine oxidation was measured as before when the birds 
were approximately 14 d old. 	
Enzyme activities 
Dihydrofolate reductase (EC 1 .5. 1 . 3; DHFR) activity was measured in erythrocytes. 
Blood samples (05 ml) were taken from each chick by heart puncture using heparin as an 
anticoagulant. After centrifugation the plasma and leucocyte layer were drawn off and the 
erythrocytes were resuspended in ice-cold saline (9 g sodium chloride/l; 15 ml). This 
process was repeated twice more. The erythrocytes were finally suspended in 005 M-sodium 
citrate (03 ml) at pH 72 and 00.  A small portion of this solution was taken for cell counting 
using a Coulter counter. The cells in the remainder of the solution were lysed by freeze-
thawing twice and insoluble debris was removed by centrifugation at 20000 g for 30 mm 
at 40• 
DHFR was measured by the method of Rothenberg et al. (1980) with slight 
modifications. 3H-labelled folic acid (50 pmol) was added to 250 dUl of a solution of sodium 
citrate (005 M), mercaptoethanol (001 M) and sodium dithionite (6 mm) at pH 72 in 15 ml 
capped Eppendorf tubes. This mixture was incubated at 37° for 15 mm. The erythrocyte 
preparations (40 pA) and NADPH (50 aid, 13 mm) were then added to each tube. A blank 
did not contain any erythrocyte preparation. The volume in each tube was made up to 
500 pi with a solution of sodium citrate (005 M) and mercaptoethanol (0.01 M) at pH 72. 
The reaction was stopped by the sequential addition of 200 ul freshly prepared 0027 M-folic 
acid in 0- 1 M-sodium hydroxide, 100 1a1 02 M-hydrochloric acid and 200 dal 03 M-zinc 
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sulphate to precipitate selectively both unconverted [3H]folic acid and unreacted 
[3H]dihydrofolic acid. After removal of folate and protein precipitates by centrifugation, a 
100 #1 portion of supernatant fraction was added to 5 ml Optiphase X for scintillation 
counting. The coefficient of variation of repeat measurements using this method was 57 %. 
Glycine N-methyltransferase (EC 2. 1. 1 .20; GNMT) and glutamic acid formimino-
transferase (EC 2. 1 .2. 5; GFT) activities were measured in liver samples. The chicks 
were killed by cervical dislocation and livers were removed and frozen quickly to - 20'. 
Homogenates for both assays were prepared by homogenizing 05 g frozen liver with 25 
ml ice-cold 10 mm-potassium phosphate and I mm-EDTA at pH 72 using a Polytron 
homogenizer. This homogenate was used directly in the assay for GFT (Tabor, 1962). For 
GNMT, the homogenate was centrifuged at 10000 g for 30 min at 4° and the supernatant 
fraction was assayed by the method of Cook & Wagner (1984) modified by the use of S-
adenosylmethionine labelled with 14C instead of 3H. Protein contents of the preparations 
were measured by the method of Lowry et al. (1951). The coefficients of variation of repeat 
measurements were 57 and 21 % for GFT and GNMT respectively. 
Statistical analysis 
Values were assessed using analysis of \variance. Means for different treatments were 
compared using Student's t test with po1ed variance obtained from the analysis. The 
histidine- oxidation response curve was fitted to the individual values by a modified Newton 
method of maximizing the likelihood using standard non-linear models available in a 
Genstat package (Genstat, 1987). 
RESULTS 
Body-weights at 2 weeks of age of birds fed on the different diets are shown in Table 1. 
Birds fed on the basal diet were significantly (P < 005) lighter than those on all other diets, 
but differences between bird weights with the other diets were not significant (F> 005). As 
was also observed in an earlier study (Maxwell et al. 1988), growth depression on the basal 
diet did not occur until after 7 d of age. 
Histidine oxidation 
Results from the preliminary comparison of rates of oxidation of histidine showed marked 
differences between the folate-deficient and control chicks (Fig. 1). Over the 3 h collection 
period, 06 % of administered radioactivity was released as ' 4CO2 by the deficient birds 
compared with 14 % by the control birds. Peak rate of release of 14CO 2 was shown by the 
control after 15 h and this was taken as the collection time in the main experiment. 
The percentages of label released as 14CO 2 by birds fed on different dietary levels of folate 
in the main experiment are given in Table 1. There was a significant (P < 005) suppression 
in release of "CO, by birds fed on the basal diet. The dose—response relation was 
investigated and an asymptotic curve with the equation given in Fig. 2 was found to give 
the best fit (R 2 05). This curve suggested that about 2 mg supplemental folate/kg were 
needed for the maximum rate of catabolism of histidine to CO 2 . 
In the pair-feeding experiment, the mean percentages of label released as "CO 2 in 15 h 
were 6-38 (SE 07l), 967 (SE 065) and 1 149 (SE 133) for the groups given diets containing 
no supplemental folate, 4 mg folate/kg (pair-fed with the first group) and 4 mg folate/kg 
ad lib. The values for the latter groups given supplemental folate did not differ significantly 
(P > 005) from each other, but both were higher (P < 005) than the value for birds fed on 
the basal diet. 
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Table 1. Body-weight, oxidation of histidine to carbon dioxide and activities of dihydrofolate 
reductase (EC 1.5.1.3; DHFR), glycine N-methyltransferase (EC 2.1.1.20; GNMT) and 
glutamic acid formiminotransferase (EC 2.1.2.5; GFT) at 2 weeks of age in chicks fed on 
a purified diet supplemented with graded levels of folic acid* 
(No. of observations shown in parentheses) 
Supplemental folic acid 






Body-wt (g) 146 200" 208" 181" 207" 45 
Histidine oxidation 467 84P' 713" 8.75b 866" 262 
(% of label released as (13) (10) (14) (15) (13) 
' 4CO2 in 15 h) 
DHFR (pmol 0-5 la 028" 0.32b 0.34b 035" 014 
tetrahydrofolate/lO" (9) (10) (5) (6) (2) 
erythrocytes in 20 mm) 
GNMT (nmol sarcosine/ 200a 203a 1- 16' 1.46a 1.47a 073 
mg protein in 15 mm) (5)  (7) (8) (8) 
GFT (umol 5,10- 4 . 55a 5.70a 5.35 5.35a 4.95a 085 
methylenetetrahydrofolate/ (7)  (7)  (7) 
mg protein/mm) 
a,b  Within a row, mean values with different superscript letters were significantly different (P < 005) 
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Fig. 1. Percentage of [1-' 4C}histidine released as "CO, by chicks fed on diets containing 0 (Q—Q)  and 4 
(0--0) mg supplemental folic acid/kg (one chick per treatment). For details of diets, see p.  203. 



















Supplemental dietary folic acid (mg/kg) 
Fig. 2. Relation between histidine oxidation and dietary folic acid in chicks. Points are mean values for groups 
of chicks (standard deviations represented by vertical bars). The equation of the fitted curve is Y = 858 - 387 
(024). For no. of chicks per treatment, see Table I. For details of diets, see p.  203. 
Enzyme activities 
The specific activities for DHFR in erythrocytes and GFT and GNMT in liver are given 
in Table 1. DHFR activity was elevated significantly (P < 005) in the basal group. GFT 
and GNMT did not show any significant (P> 005) differences between treatments. 
DISCUSSION 
The conversion of N-formiminoglutamate (Figlu) to glutamate, catalysed by GFT, is the 
folate-dependent step in the oxidation of histidine. When folate is limiting, Figlu cannot 
be further metabolized by this route and the increased amount of it excreted in urine 
can be used as a measure of folate deficiency in mammals such as man and rats (Tabor 
et al. 1953; Luhby et al. 1959). This method is impractical in birds, but an alternative 
approach is to measure CO 2 released from the 1-position of glutamate by oxidation. Folate 
deficiency should decrease the amount of "CO, released following the administration of 
[1- 14C]histidine as part of a histidine load. This response was indeed observed in the present 
experiment and is consistent with reports of altered patterns of histidine oxidation in other 
species, e.g. human beings (Fish et al. 1963). 
Comparisons with pair-fed birds confirmed that the decreased release of label was caused 
by folate deficiency per se rather than by depressed feed intake or growth. The decrease in 
histidine oxidation was significant (P < 005) only for the basal diet, containing no added 
folate, but oxidation was also less with the diets containing 1 and 15 mg folate/kg than 
with the diet containing 4 mg supplemental folate/kg. The response curve fitted to these 
values (Fig. 2) suggested that about 2 mg supplemental folate/kg was needed for the 
maximum rate of oxidation. The test, therefore, gives information on the folate status of 
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chicks. However, since it involves the administration of about half the normal daily 
histidine intake in a single dose, it is not yet clear to what extent the test also indicates the 
normal folate requirement of the bird. 
Although the oxidation of histidine via the pathway involving GFT is depressed by folate 
deficiency, the inhibition seems to be caused by a lack of tetrahydrofolate cofactor rather 
than to a decreased amount of GFT. Thus, measurement of hepatic GFT in vitro in a 
medium containing added folate did not show any effect of dietary folate level on the 
enzyme specific activity. This result is consistent with previous observations of Burns & 
Jackson (1976). 
GNMT is present in large amounts in mammalian liver: it makes up about 05 % of the 
soluble protein in rat liver cytosol (Cook & Wagner, 1981). It catalyses the S-
adenosylmethionine-dependent conversion of glycine to sarcosine, but may also act as a 
carrier protein since it binds tightly to, and is inhibited by, 5-methyltetrahydrofolate (Cook 
& Wagner, 1984). A deficiency of folate might, therefore, be expected to result in an 
increase in activity of this enzyme. Mean hepatic specific activities of GNMT were indeed 
found to be over 35% higher at the two lowest dietary levels of folate than at the highest, 
but these differences were not significant (F> 005). The high standard deviation (Table 1) 
suggests there is considerable biological variation in the activity of this enzyme. 
DHFR is involved in the conversion of folic acid into one of the main metabolically 
active folates, tetrahydrofolate. The specific activity of this enzyme was significantly higher 
in the erythrocytes of chicks given no supplemental folic acid, but showed no differences 
between the supplemental diets. The elevated activity in the severely folate-deficient chicks 
is perhaps caused by a feed-back mechanism attempting to normalize reduced folate 
concentrations. However, this increase in activity of DHFR in erythrocytes contrasts with 
reported decreases in hepatic activity of DHFR in folate-deficient chicks (Burns & Jackson, 
1976) and rats (Pasquali et al. 1968). Burns & Jackson (1976) speculated that folate 
deficiency decreased the concentration of DHFR in chick liver. To reconcile these opposite 
results, it is therefore necessary to propose that different mechanisms regulate this enzyme 
in erythrocytes and liver. Further studies are required before the value of DHFR as a 
criterion of folate status can be properly evaluated. 
The results of these investigations confirm that biochemical criteria can be used to give 
information on folate status in chicks. Folate-metabolizing pathways involving the 
oxidation of histidine and DHFR seem to be particularly promising. However, before they 
can be used as a practical means of assessing status, further information is required on the 
range of dietary folate over which they respond, and influences of other dietary variables. 
The authors are grateful to F. Hoffman—La Roche & Co, Basle for financial support for 
this research and to Mrs P. Collings for statistical advice. 
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Abstract 1. Storage of eggs for 14 d prior to incubation depressed hatch-
ability by 10%. 
Most of the increase in embryonic mortality (64%) occurred during the 
first week of incubation, with a further 30% taking place during the third 
week. 
Chicks hatching from stored eggs did not show any increased incidence of 
physical abnormalities characteristic of vitamin deficiencies. 
Chicks from stored eggs showed haematological abnormalities character-
istic of mild macrocytic anaemia. Such changes can result from deficiencies 
of folic acid or cobalamin. 
Biochemical and haematological data did not suggest impairments in the 
status of the chicks with respect to a range of other vitamins. 
INTRODUCTION 
Storage of eggs from broiler breeders is known to delay early embryonic develop-
ment (Mather and Laughlin, 1977) and to decrease hatchability (Proudfoot, 1969). 
The relatively high proportion of embryos in stored eggs which die during the second 
week of incubation (Mather and Laughlin, 1976) has raised the possibility that 
nutritional factors, especially vitamins, might influence the hatchability of stored eggs. 
Experiments were therefore carried out to investigate whether chicks hatching from 
stored eggs showed, any signs of vitamin deficiency. 
Specific indices of status are available for only a few vitamins. For instance, in 
young birds riboflavin status is reflected in the activation coefficient of erythrocyte 
glutathione reductase (NAD(P)H 2 : glutathione oxidoreductase EC 1.6.4.2; EGRAC) 
(Lee, 1982) and biotin status can be assessed by blood pyruvate carboxylase (pyru-
vate: carbon dioxide ligase (ADP-forming) (EC 6.4.1.1; PC) activity (Whitehead and 
Bannister, 1978). However, general haematological abnormalities have been associ-
ated with a range of other vitamin deficiencies. Thus anaemia, either normo-, micro-
or macro-cytic, has been associated with deficiencies of cobalamin (Hsu et al., 1952), 
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folic acid (Jukes and Stokstad, 1947), pantothenic acid (Shulman and Rickert, 1957) 
and pyridoxine (Luckey et al., 1945). Anaemia and increased erythrocyte fragility are 
characteristic of-tocopherol deficiency (Scott et at., 1955; Muytjens, 1956). Anaemia 
also results from the blood loss arising from menadione deficiency, but increased blood 
clotting time is a more sensitive criterion of status for this vitamin (Almquist, 1954). 
These haematological and biochemical aspects, together with physical abnormalities, 
were therefore assessed in chicks hatching from eggs that had been stored for 14 d prior 
to incubation or had been set within one day of lay. 
MATERIALS AND METHODS 
Procedure 
The eggs came from Ross I parent females (Ross Breeders Ltd, Newbridge, 
Midlothian) forming part of an experiment on breeder biotin requirements (White-
head et at., 1985). The 6 dietary treatments from which eggs were taken were those 
involving supplemental additions of 0, 60 and 270 jig biotin/kg to diets containing 137 
or 168 g crude protein/kg. The unsupplemented basal diets were marginally deficient 
in biotin but were thought to be adequate in other nutrients. 
Approximately 30 eggs per treatment, laid between 35 and 45 weeks of age, were 
incubated at weekly intervals after storage overnight or for 14, d in an egg store 
maintained at 12 °C and 80% relative humidity. On hatching, all chicks were exam-
ined for signs of abnormality. They were killed by decapitation and pooled blood 
samples were collected for each group. Sequestrene (EDTA 15 mg/ml) was used as 
anticoagulant for samples for haematological measurements; heparin was used for 
samples for enzymic analyses. Eggs failing to hatch were opened to determine the age 
of embryonic death. 
Analyses 
Haematological tests. Total cell counts were made using the procedures described by 
Maxwell (1981). Haemoglobin was determined by the cyanmethaemoglobin method 
and packed cell volume (PCV) was measured by the microhaematocrit method. The 
results were used to calculate mean cell volume (MCV), mean cell haemoglobin 
(MCH) and mean cell haemoglobin concentration (MCHC). The prothrombin time 
was measured using a phenol-saline thromboplastin prepared according to the tech-
nique of Timms (1977). Erythrocyte fragility was measured by the saline test of Creed 
(1938). 
Enzymic and vitamin analysis. Determinations of EGRAC were carried out by the 
method described by Lee (1982). Blood PC activity was measured by the method of 
Bannister and Whitehead (1976). Plasma biotin concentration was measured micro-
biologically in samples stored at —20 °C by an assay based on that of Wright and 
Skeggs (1944). 
Statistical analysis. Data were analysed by analysis of variance and the t test. 




1-Jatchabilities and abnormalities 
Data on hatchability, embryonic mortality and chick abnormalities are given in 
Table 1. Hatchability of eggs stored for 1 d only was high in all groups but was 
decreased by 10% overall after storage for 14 d. The total incidence of abnormalities 
in hatching chicks was not influenced by egg storage. Bruising of the hock was the most 
common abnormality: the type of trays on which the chicks were hatched may have 
accentuated this problem. The incidence of unhealed navels was consistently higher in 
chicks from eggs stored for 14 d but storage had no influence on abnormalities such as 
clubbed down, slipped tendon or other skeletal defects. 
The age distribution of embryonic mortality was altered by egg storage (Table 
1). A much higher proportion of embryos died during the first week of incubation in 
eggs stored for the longer period. However, mortality also increased during the later 
periods of incubation. 
TABLE I 
Hatchability, embryonic deaths at djfferent stages of incubation and abnormalztses in chicks hatchingfrom eggs storedfor I or 14 dprior to 
incubation 
Period of Maternal biotin supplement (jzg/kg) 
egg storage ,- 
Trait (d) 0 60 270 Mean 
Hatchability I 854 875 86-2 864 
(chicks/100 fertile eggs) 14 813 737 74.3 76-4 
Embryonic deaths 
(dead/100 fertile eggs) 
Week I I 5-6 44 50 5-0 
14 10-8 12-9 10-6 11-4 
Week 2 I 1-7 1-2 Ii 1-3 
14 18 1-5 22 19 
Week 3 I 3-4 42 30 35 
14 4-4 6-4 54 5-4 
Pipped 1 39 2-6 4-8 38 
14 16 5-6 7-2 3-8 
Abnormalities 
(abnormal chicks/100 hatched) 
Unhealed navels 1 0-18 1-46 052 0-72 
14 1-32 187 101 1-40 
Slipped tendon 1 000 0-00 000 0-00 
14 0-00 0.00 0-50 0-17 
01 
Other hock abnormalities I 6-35 4-97 6-38 5-90 
14 462 4-76 5-68 5-02 
Splayed legs I 045 1-25 0-35 0-68 
14 047 0-24 0-00 0-24 
Crooked toes 1 0-88 1-10 2-26 1-41 
14 0-93 1-28 1-24 1-15 
Clubbed down I 2-44 0-71 0-18 FIl 
14 2-09 0-28 0-00 0-79 
Others I 1-14 0-65 1-04 0-94 
14 0-53 0-33 0-28 0-38 
Total I 114 9-7 10-7 10-6 
14 10-0 8-8 8-7 9-2 
Values are combined results from approximately 300 eggs from each of the two maternal protein levels (see text) 
at each of the dietary biotin concentrations. Fertility was about 93 fertile eggs/100 set overall. 
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TABLE 2 
Haematological characteristics of blood of chicks hatching from eggs stored for 1 or 14 d prior to incubation 
Significance of 
Maternal dietary 	 137 	 168 	 treatment effect 
protein content (g CP/kg) 	r 
	
Period of egg storage (d) ... 	 I 	 14 	 I 	 14 	Protein 	Storage 
RBC (106/mm 3 ) 
WBC (10 3/mm 3 ) 
Thr (103/mm 3 ) 
PCv (%) 
Hb (g/100 ml) 
MCV (tim') 
MCH (pg) 
MCHC (gilOO ml) 
H (/100 WBC) 
E (/100 WBC) 
B (/100 WBC) 
L (/100 WBC) 
M (/100 WBC) 
Osmotic 10-40 g NaCl/100 ml 
fragility 2 0-36 g NaCl/100 ml 
(%) 	10-32 g NaC1/100mI 
Prothrombin time (s) 
2-42 ± 0-05 231 ± 009 2-42 ± 0-07 2-19 ± 005 NS * 
1150 ± 	112 11-29 ± 0-93 13-26 ± 0-78 11-77 ± 0-87 NS NS 
362 ± 4-0 38-0 ± 45 46-0 ± 6-3 48-9 ± 7-8 * NS 
30-0 ± 0-2 34-7 ± 07 29-7 ± 0-3 30-7 ± 	1-7 NS 
8-63 ± 0-32 9-10 ± 020 8-33 ± 0-20 8-73 ± 0-12 NS * 
129 ± 20 150 ± 77 125 ± 47 139 ± 50 NS ** 
36-0 ± 1-5 39-3 ± 	1-2 35-0 ± 1-5 40-0 ± 1-0 NS * 
29-3 ± 0-9 263 ± 0-9 28-7 ± 0-3 29-3 ± 	1-5 NS NS 
56-3 ± 	1-8 56-7 ± 	1-8 620 ± 3-6 61-3 	± 	1-7 * NS 
4-63 ± 025 443 ± 039 5-30 ± 0-41 5-43 ± 0-27 * NS 
3-53 ± 0-54 423 ± 082 367 ± 0-49 3-10 ± 0-12 NS NS 
34-0 ± 	1-5 33-3 ± 24 28-3 ± 3-2 29-3 ± 1-5 * NS 
1-43 ± 044 1-27 ± 028 1-00 ± 0-10 0-90 ± 0-33 NS NS 
217 ± 030 250 ± 023 227 ± 0-38 2-23 ± 0-24 NS NS 
93 ± 1-3 8-7 ± 07 6-3 ± 0-7 7-0 ± 0-6 * NS 
337 ± 2-7 35-7 ± 26 30-7 ± 3-8 28-3 ± 2-2 * NS 
19-0 ± 0-2 177 ± 02 20-2 ± 0-4 185 ± 04 NS * 
Values are means ± standard errors of measurements on 18 samples, each pooled from 20 chicks within the 3 
maternal dietary biotin treatments at each protein concentration (see text). 
2 Percentage of cells lysed at the given concentrations of NaCl (Creed, 1938). 
CP crude protein, RBC red blood cells, WBC white blood cells, Thr thrombocytes, PCV packed cell volume, Hb 
haemoglobin, MCV mean cell volume, MCI-I mean cell haemoglobin, MCHC mean cell haemoglobin concentration, 
H heterophil, E eosinophil, B basophil, L lymphocyte, M monocyte, NS not significant, * P < 0-05; ** P < 0-01. 
Haematological tests 
Haematological values are given in Table 2. There were no significant effects or 
interactions involving maternal dietary biotin contents and data for these treatments 
have been combined. The higher maternal dietary protein content resulted in signifi-
cant (P < 0.05) increases in thrombocyte concentrations and in the proportions of 
heterophils and eosinophils at the expense of lymphocytes. Erythrocyte fragility was 
also decreased in chicks from parents fed the higher protein diet. 
Significant effects of prolonged egg storage were observed in several haematolo-
gical traits. The number of red blood cells was decreased but PCV was increased with 
the result that there was a marked increase (P < 0.01) in MCV. Blood haemoglobin 
concentration increased, as did MCH, but MCHC was unaffected overall. Prothrom-
bin time was decreased (P < 0.05) by the 14-d storage period. Erythrocyte fragility 
was unaffected by the period of egg storage. 
Biochemical measurements 
Data on biochemical criteria of vitamin status are given in Table 3. The plasma 
biotin concentration of hatching chicks was closely related to the maternal biotin 
intake. However, no effects of egg storage were apparent in any group. Blood PC 
TABLE 3 
Plasma biotin concentration, blood pyruvate carboxylase (PC) activity and erythrocyte glutathione reductase activation coefficient (EGRAC) in chicks hatching from eggs stored for I or 14 d prior to 
incubation 
Maternal treatment' 
137 g CP/kg 168 g CP/kg 
Period of Biotin (zg/kg) Biotin (jug/kg) 
egg storage , 
Trait (d) 0 60 270 0 60 270 Mean 
Plasma biotin I 119 ± 007 1'73 ± 018 323 ± 025 131 ± 005 293 ± 015 366 ± 008 234 
(ng/ml) 14 143 ± 021 234 ± 005 315 ± 019 143 ± 013 295 ± OIl 355 ± 012 248 
Blood PC activity I 648 ± 21 702 ± 16 708 ± 31 608 ± 4 694 ± 22 674 ± 18 672 
(nmol 14CO 2  incorporated/ml 14 699 ± 15 660 ± 29 668 ± 9 670 ± 41 633 ± 25 • 605 ± 51 651 
per h at 38°C 
EGRAC 1 105 ± 003 102 ± 002 106 ± 001 104 ± 003 107 ± 002 102 ± 0 104 
14 103 + 004 102 + 003 102 + 003 103 + 005 107 + 003 103 + 001 103 	> 
C's 
See text. 
Values are means ± SE of single determinations on pooled samples from two groups of approximately 20 chicks. 
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activity was not related to the circulating biotin concentration and was unaffected by 
egg storage. EGRAC was similar in all groups and indicated that the enzyme activity 
was not limited by the supply of the riboflavin cofactor. 
DISCUSSION 
Hatchability was high in eggs incubated within one day of lay, but storage for 
14 d prior to incubation reduced hatchability by up to 10% overall. This depression 
was considerably less than the 19.5% observed by Mather and Laughlin (1976) after 
a similar period of storage. The time course of embryonic mortality in the present 
study was altered by storage, with 64% of the increase in mortality occurring during 
the first week of incubation and a further 30% taking place during the final week. 
The total incidence of abnormalities in hatching chicks was not increased by 
storage; there was a small increase in the incidence of unhealed navels, as observed by 
Mather and Laughlin (1976), but no increase in specific abnormalities usually asso-
ciated with deficiencies of some vitamins. 
Prolonged egg storage resulted in haematological changes in hatching chicks that 
were consistent with the presence of a mild macrocytic anaemia. Thus the red blood 
cell count was depressed but PCV was increased, indicating an increase of 14% in 
MCV. Characteristically, MCH increased so that MCHC remained relatively normal, 
with cell fragility unchanged. In severe anaemia, blood haemoglobin concentration 
usually decreases, but this need not happen with an anaemia of only moderate severity 
(Wintrobe, 1974) and, indeed, in the present study haemoglobin concentrations 
showed a small, though significant, increase. 
The results suggest that defects in vitamin-dependent pathways as a result of egg 
storage can be discounted for some vitamins, but not for others. For instance, there was 
no impairment in riboflavin status: the specific criterion EGRAC was not elevated 
and there was no increase in the occurrence of clubbed down. 
There was no evidence of decreased vitamin K status, since prothrombin time 
was not increased by egg storage. On the contrary, prothrombin time decreased, an 
effect that can occur with pyridoxine deficiency (Luckey et al., 1945). However, 
another characteristic of a deficiency of the latter vitamin, microcytic anaemia, was 
not present. 
Increased embryonic mortality during the first week of incubation can occur with 
deficiencies of vitamin E (Couch and Ferguson, 1972) and biotin (Cravens et al., 1944). 
However, impairment of vitamin E metabolism can be discounted by the absence of 
other typical effects such as increased erythrocyte fragility and microcytic anaemia. 
Likewise biotin-related problems can probably be ruled out by the lack of effect of 
storage on circulating levels in chicks and unimpaired activities of blood PC, even in 
chicks from hens fed limited amounts of biotin. 
Macrocytic anaemia is often associated with impaired liver function and can be 
symptomatic of nutrient deficiency (Bingham, 1960). It is brought about by defective 
DNA synthesis, and inadequacies in metabolic pathways involving cobalamin or folic 
acid are the most common and best-documented causes (Stokstad, 1968; Wintrobe, 
1974). Other observations did not rule out a possible deficiency of one or other or these 
vitamins. Thus deficiencies of both cause increase in embryonic mortality during the 
last few days before hatching (Olcese et al., 1950; Sunde et al., 1950), the period during 
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which 30% of the increase in embryonic mortality occurred in the present study. Folic 
acid deficiency is not characterised by physical abnormalities in hatching chicks 
except in the case of severe deficiency when bending of the tibiotarsus is sometimes 
evident (Sunde et al., 1950). The same is broadly true for cyanocobalamin deficiency, 
though the major abnormalities involve the hock and can include slippage of the 
tendon (Ferguson and Couch, 1954). None of the observations in the present study can 
be taken as specific indications of cobalamin or folic acid deficiencies. However, 
further studies seem warranted to determine whether impairments in metabolism 
involving these vitamins contribute to hatchability depressed as a result of egg storage. 
An effect of maternal dietary protein content on haematological values in hatch-
ing chicks was observed. Thus with the higher protein diet there was a substantial 
increase in thrombocyte concentration, increases in the proportions of heterophils and 
eosinophils at the expense of lymphocytes and a decrease in erythrocyte fragility. The 
thrombocytosis is not readily explicable since it is usually associated with trauma and 
haemorrhage. However heterophilia has been associated with stress (Hawkey et al., 
1983) and may be related to the metabolic causes of the decrease in hatchability in the 
main experiment, associated with the diet of higher protein content (Whitehead et al., 
1984). 
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Introduction 
The subject of vitamin requirements and allowances for poultry is large and 
complex. The metabolic roles of the vitamins are as participants in fundamental 
biochemical pathways. As such, the need for any individual vitamin can be 
markedly influenced by many factors, such as the level of performance of a bird, its 
health and the balance of nutrients, including other vitamins. There are also 
different criteria by which the need for a vitamin can be judged, e.g. performance, 
health, carry over to progeny, metabolic function. Thus, many considerations have 
to be taken into account when assessing vitamin needs, and the concept of a value 
that represents the requirement, the minimum amount of the nutrient needed by 
the bird, has many limitations. 
In the subsequent sections, current information on vitamin needs and responses 
are reviewed and interpreted. Some of the original data have been reassessed when 
it was thought that the authors had used an inappropriate method of data analysis, 
e.g. significance of differences between treatments rather than dose-response 
analysis. Two major practical problems have been apparent when assessing 
individual vitamins. 
The first problem arises over the wide differences that can exist between 
different experimental estimates of a vitamin requirement. Variability may be 
explained by the interaction factors alluded to above, but often these interactions 
are not sufficiently quantified to justify a precise statement of requirement. The 
value chosen can therefore be somewhat subjective, but any uncertainty can be 
taken into account in the setting of practical allowances, as discussed in the final 
section. 
The other main problem lies in the amount and relevance of data. For some 
classes of poultry, data are very few. For instance, in the case of turkey breeders, 
experimental information is not available on the requirements for several vitamins. 
For other vitamins and classes of poultry, requirements have been studied many 
years ago using strains of birds whose performance was poor by modern standards. 
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Experimental diets or conditions may have even prevented birds achieving those 
limited performance potentials. The relevance of requirements established under 
these conditions to modern high performance strains can therefore be questioned. 
Quantitative relationships between bird performance and nutrient requirement 
have been established for amino acids, but this approach has not been extended to 
vitamins except tentatively in the case of broiler biotin requirements (Whitehead, 
1986). Requirements in this chapter are therefore discussed in relation to existing 
data, and the values presented can be viewed as a further, but not final, step in the 
continuing process of understanding and quantifying vitamin nutrition in poultry. 
Metabolism and requirements 
VITAMIN A 
Biochemical functions 
Vitamin A activity is shown by members of the retinoid class of compounds. Direct 
activity is shown in vivo by three such compounds, namely retinol, retinaldehyde 
and retinoic acid. Retinol is the most important compound, showing the full range 
of vitamin A activity. Both retinaldehyde and retinoic acid are derived from retinol 
within the bird and take part in vital functions. However, retinoic acid cannot 
support all functions, particularly reproduction. Retinaldehyde in the diet on the 
other hand can support all vitamin A-dependent functions, but it must first be 
converted in the gut to retinol before it can be absorbed in the normal way as an 
ester of palmitic acid. 
Members of a wider class of compound, the carotenoids, show provitamin A 
activity since they can be converted into retinol. 13-carotene is the most widely 
occurring provitamin A and though it is itself only poorly absorbed by poultry, it 
can be degraded in the gut to give retinol. Theoretically cleavage in the middle of 
one molecule of 13-carotene could give two molecules of retinol, but it is possible 
that degradation starts at one end of the molecule since vitamin A activity of 
13-carotene is seldom observed to be greater than 50% on a weight basis, and may 
be as little as 10% at high dietary concentrations. Carotenoids used as yolk 
pigments usually do not give rise to retinol because of the position of a hydroxyl 
substituent. An exception however is apocarotene, often used as a yellow 
pigmenter, which can be degraded to retinol and may show up to 40% vitamin A 
activity. 
Vitamin A is involved in a range of physiological functions. The best understood 
mechanism is in the visual process where retinaldehyde combines with the protein 
opsin to form a photosensitive pigment rhodopsin in the retina. Vitamin A also 
fulfils an active role in metabolic processes in epithelial and other tissues including 
adrenal function, and in spermatogenesis. 
Deficiency 
Vitamin A can be stored in the liver and when birds are fed a deficient diet, signs of 
the deficiency may take time to develop, depending upon the size of the store. In 
chicks, a deficiency causes a deterioration of the mucous membranes and epithelial 
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linings brought about by a failure of glycoprotein synthesis. Hyperkeratosis occurs, 
involving the synthesis of keratin of higher than normal molecular weight. 
Hyperkeratosis of the cornea and a cloudiness of the eyes are characteristic of 
xerophthalmia and cause blindness. White deposits build up in the mouth, 
oesophagus, crop and respiratory tract. Kidney degeneration leads to a build up of 
uric acid and visceral gout. Abnormal bone development occurs: bones in the skull 
may be enlarged, vertebrae distorted and leg bones spongy with a build up of 
cartilage in the epiphyses. 
Gross signs of deficiency include decreases in feed intake and growth. Feathers 
are distorted and birds show signs of weakness and incoordination. Nerve 
degeneration can result in ataxia. There is a general pallor, especially of combs and 
wattles and the birds die in very poor bodily condition. 
Similar abnormalities, together with decreases in egg production and hatchabil-
ity, occur in adult birds. Hens given retinoic acid as the sole source of vitamin A 
show none of the lesions described above and lay eggs (that fail to hatch) at a 
normal rate but become blind. In deficient cockerels, depressed sperm count and 
motility diminish fertility. 
Considerable attention has been paid to the interaction between vitamin A and 
disease. Deficient birds show a greater susceptibility to a range of diseases and this 
had led to suggestions that vitamin A is involved in the production of antibodies 
and the build up of disease resistance. 
Requirements 
Vitamin A activity is often expressed in International Units; 1 IU corresponds to 
the activity of 0.300 g retinol or 0.344 tg retinyl acetate. 
Growth and reproduction have been taken most frequently as experimental 
criteria of vitamin A requirement. Liver concentrations have also beeen used, but 
may not give such a meaningful indication of requirement. The growth requirement 
of the chick seems to be about 1400 lU/kg. Data of Donovan (1965), reinterpreted 
by Fisher (1974) suggested that the broiler requirement was 1300 lU/kg, with the 
requirement of Leghorn chicks somewhat less than this. Data of Singh and 
Donovan (1973) indicated the requirement was not higher than 1500 lU/kg. 
Results from studies on turkey growth requirements are inconsistent. A 
requirement of 1760 lU/kg was estimated by Stoewsand and Scott (1961). However 
Couch, Creger and Cavez (1971) found a response to up to 4000 lU/kg in growth to 
12 weeks. More recently Prinz et al. (1979) concluded on the basis of large-scale 
field trials that 2000 lU/kg were adequate for growing and fattening turkeys. This 
value is taken as the requirement, though it is recognized that more may be needed 
on some occasions for reasons discussed later. 
In adult hens, data of Reid et al. (1965) suggest a requirement of 3300 lU/kg and 
those of Reddy, Panda and Rao (1977) 3600 lU/kg. In turkeys a level of 2600 lU/kg 
was reported to be needed for maximum egg production and hatchability 
(Stoewsand and Scott, 1961) but data of Jensen (1965) suggested that 3500 lU/kg 
was needed. 
Factors affecting the requirement 
Dietary fat can enhance the absorption of retinol but high dietary protein levels can 
decrease liver storage and accelerate the onset of a deficiency. 
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Vitamin A seems to be involved in adrenal function and plays an important role 
in the metabolic response to stress. It also shows many interactions with disease, 
especially parasitic diseases. Coccidiosis is more severe in deficient birds and one of 
its effects is to further decrease vitamin A status by hindering intestinal absorption. 
Higher requirements have been demonstrated in infected birds: for instance Panda, 
Combs and De Volt (1964) found that 2400 lU/kg gave better growth than 
7901U/kg. In Capillaria infection, 108001U/kg gave a better performance than 
3600 lU/kg (Bauernfeind and De Ritter, 1959). 
The interaction between vitamin A and other diseases is less clear. Lowered 
reserves of vitamin A have been observed in field outbreaks of Newcastle disease 
and other infections, but this may have been due to decreased feed intake, rather 
than a specific effect. A different insight into the relationship between the vitamin 
and disease is provided by the work of Tengerdy and Nockels (1975) and Tengerdy 
and Brown (1977) which has shown beneficial responses in haemagglutinin titres 
and mortality in chicks infected with Escherichia coli and fed high levels of vitamin 
A (30 000 and 60000 lU/kg) or vitamin E. High levels of these vitamins seem to 
potentiate the immune system. 
It is thus apparent that practical needs for vitamin A are considerably higher than 
the minimum requirement levels when prophylactic and therapeutic roles are 
considered. This leads to the feeding of relatively high levels of vitamin A in 
practice, as is discussed later. 
Effects of excessive vitamin A 
Feeding very high levels of vitamin A can cause toxicosis. The subacute toxic 
threshold for chicks has been estimated to be 64 mg retinol/kg body weight/day. 
This is very high, but nutritionists have been more concerned by reports that 
smaller excesses of vitamin A have sometimes been associated with impaired 
performance. For instance depressed growth has been reported in broilers fed 
12 000 lU/kg (Jensen etal., 1981; Jensen et al., 1983). However, other researchers 
have reported no adverse effects from feeding up to 48000 lU/kg (Marusich et al., 
1983). Interactions between vitamin A and other fat-soluble vitamins or diseases 
probably explain these inconsistent observations. High levels of vitamin A can 
depress absorption of other fat-soluble nutrients, including the vitamins. 
Interrelationships between vitamins A and D have been confirmed by Veltman, 
Jensen and Rowland (1983) who observed that the adverse effects of large oral 
doses of vitamin A, such as depressed growth and bone ash content, could be 
alleviated by additional vitamin D. Similar effects have been demonstrated in 
relation to status of vitamins E and K. In order to minimize the effects of such 
interactions, it is therefore important to maintain a proper balance between all the 
fat-soluble vitamins in practical diets. 
VITAMIN D 
Biochemical functions 
The most active form of this vitamin in poultry is vitamin D 3 (cholecalciferol); 
compounds with lesser activity are vitamins D 2 (ergocalciferol), D 4 , D5 , D6 and D7 . 
Under natural conditions vitamin D can be formed by the action of sunlight on a 
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-naturally-occurring skin lipid, 7-dehydrocholesterol in the case of vitamin 13 3 . 
However, the lack of exposure of intensively-housed chickens to sunlight means 
that the full requirement for vitamin D must be supplied in the diet. 
The metabolic function of vitamin D closely resembles that of a steroid hormone. 
Cholecalciferol is not biologically active itself; it must undergo a number of 
modifications. It is first hydroxylated in the liver to form 25-01-1-13 3 . This is then 
transported to the kidney where it is further hydroxylated to give a series of 
metabolites such as 1,25-(OH) 2-D3, 24,25-(OH) 2-D3 and 25,26-(OH) 2-D3 . Further 
modifications give a complex cascade of other metabolites. These compounds 
between them give rise to the range of biological responses attributable to vitamin 
D, though there is much that remains to be understood regarding the roles and 
interactions of these individual compounds. 
The vitamin D metabolites regulate calcium metabolism and maintain, along 
with the peptide hormones calcitonin and parathyroid hormone, calcium and 
phosphorus homeostasis. 1,25-(OH) 2-D 3 regulates absorption of both calcium and 
phosphorus in the intestine by its influence on transport proteins. This metabolite 
also influences bone mineralization and, along with 24,25-(OD) 2-D 3 , can also 
stimulate calcium mobilization from bones. Apart from the synthesis of 
metabolites, the kidney is also an important organ for vitamin D metabolism in 
relation to the control of reabsorption of calcium and phosphate from the 
glomerular filtrate. 
Deficiency 
Rickets is the classic sign of vitamin D deficiency in young animals. In chicks this 
takes the form of decreased bone calcification, especially at the epiphyses, with the 
result that the bones become soft and rubbery. All bones can be affected: the legs 
become bent and the spine and sternum may be crooked, with the rib-ends beaded. 
Growth is retarded and featheringis poor. 
In hens, osteomalacia can be induced by feeding a vitamin D. deficient diet. 
Bones become soft and may break easily and the hens adopt a characteristic 
squatting position. As the deficiency progresses egg shells become thinner, then 
soft shelled and production falls. Hatchability is also markedly decreased and 
embryonic abnormalities include deformed bones and oedema. The effects.'of a 
deficiency on a hen can be more severe when moderately inadequate amounts of 
vitamin D are fed; this-allows the hen to continue egg production with depletion of 
body calcium reserves. When there is an extreme lack of vitamin D, egg production 
terminates rapidly, sparing the hen from other effects of calcium depletion. 
Requirements 
The discoveiy of the D 3  metabolites had led to investigations on whether their use 
in addition to or in place of cholecalciferol can enhance poultry performance. 
Several studies have suggested -that, for normal egg production and shell quality, 
cholecalciferol can be replaced by either 1-OH-D 3 , 25-OH-D 3 , or 1,25-(OH) 2-D3 
(Abdulrahim, Patel and McGinnis, 1979; Soares et al., 1979; Hamilton, 1980) 
though there was no evidence that these characteristics were improved by use of the 
metabolites. In order to support normal hatchability 1,25-(OH) 2-D3 must be fed in 
conjunction with 24,25-(OH) 2-D3  (Henry and Norman, 1978; Norman, Leathers 
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and Bishop, 1983). One of the problems associated with feeding the metabolites is 
that they have a low toxic threshold in relation to the biologically effective dose. 
Thus stimulatory effects on shell calcification have been observed from feeding the 
correct amount of a metabolite. However, the situation is complicated by the 
synergistic effect of feeding combinations of metabolites and by the existence of 
synthetic derivatives (e.g. fluorinated compounds) that have greater biological 
effects than the natural metabolites (Rambeck, 1988). The situation regarding the 
feeding of the metabolites is thus highly complex. Much research is in progress, but 
as yet there does not appear to be any clear-cut strategy or advantage for their use. 
The requirements for vitamin D are therefore discussed in terms of cholecalciferol. 
Requirements for vitamin D are often expressed in terms of international chick 
units (1 ICU = 0.025 tg cholecalciferol). Growth is a relatively insensitive indicator 
of vitamin D requirements and, since larger amounts of the vitamin are often 
required for optimum bone mineralization, bone ash content is generally taken as 
the most satisfactory criterion. 
Estimates of the vitamin D requirement of growing chicks usually fall in the 
range 200-400 ICU/kg. The data of Waldroup, Ammerman and Harms (1963) 
suggested a requirement for broilers of 400 ICU/kg but the results of a later 
experiment (Waldroup et al., 1965) were consistent with a requirement of 
200 ICU/kg, provided dietary calcium was not less than 10g/kg. A level of 
200 ICU/kg gave maximum blood calcium levels in Leghorns (Parsons and Combs, 
1979) but another study concluded that 500 ICU/kg were needed for optimum bone 
mineralization in this strain (Valinietse and Bauman, 1982). McNaughton, Day and 
Dilworth (1977) reported that no significant increase in bone mineralization 
occurred above 200 ICU/kg but a dose-response analysis of the data suggested that 
about 400 ICU/kg were required for maximum bone ash. On the basis of these data, 
the minimum requirement is therefore estimated to be 400 ICU/kg. 
The requirement of the growing turkey for vitamin D was previously estimated to 
be 900 ICU/kg but recent data (Stevens, Blair and Riddell, 1983; Cantor, Musser 
and Bacon, 1980) have suggested that bone mineralization responds to higher levels 
and that 1200 ICU/kg may be a more suitable requirement value. 
Egg shell characteristics and hatchability are the most sensitive criteria of 
requirements in adults. Results from several recent studies suggest that 400 ICU/kg 
are needed by Leghorn hens to satisfy these criteria (Abdulrahim, Patel and 
McGinnis, 1979; Hamilton, 1980; Shen, Summers and Leeson, 1981). There is little 
recent information on the needs of other strains. 
In breeding turkeys a dietary level of 900 ICU/kg has been found to give 
maximum hatchability and poult production (Stevens et al., 1984). However a 
related study (Stevens, Blair and Salmon, 1984) showed that a higher level 
(2700 ICU/kg) resulted in more active vitamin D metabolism and better bone ash in 
the young poults. 
Metabolic relationships exist between vitamin D and several other nutrients. 
Because of the role of the vitamin in calcium and phosphorus homeostasis, 
requirements are increased if dietary levels of these minerals are deficient or 
imbalanced. Thus in chicks, data of Waldroup et al. (1965) suggested that whereas 
the vitamin D requirement was 200ICU/kg with lOgCa and 7gP/kg, it rose to 
about 800 ICU/kg with 5 g Ca and 7 g P/kg and to about 1700 ICU/kg with 5 or 
lOgCa and 5gP/kg. However, calcium retention depresseed by high dietary fat 
levels cannot be restored by additional vitamin D (Whitehead, Dewar and Downie, 
1972). 
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Excessive dietary levels of vitamin A can depress vitamin D absorption and 
induce signs of rickets. This effect can be overcome by additional vitamin D. 
Ascorbic acid also influences vitamin D status, by playing a role in the renal 
hydroxylation of the metabolites. 
Rachitogenic substances that can markedly increase the vitamin D requirement 
have been reported in raw soyabean meal, isolated soya protein and rye. 
Hypervitaminosis D has been demonstrated in humans and animals but poultry 
have a wide tolerance. The lowest level that has been reported to have a slightly 
adverse effect on chicks is 40000 ICU/kg 
VITAMIN E 
Biochemical functions 
Vitamin E activity is shown by two series of naturally occurring compounds based 
on a two-ring hydroquinone structure, chroman-6-ol. Highest activity is shown by 
the tocopherols, where the chromanol contains a saturated 16-carbon chain .and 
methyl substituents. The corresponding tocotrienols, in which the side chain 
contains three double bonds, have lower biological activity. The relative vitamin 
activities of these compounds are given in Table 4.1. In nutritional practice it is 
assumed that only x-tocopherol makes an effective contribution as the vitamin; 1 
international unit of vitamin E is equivalent to 1 m dl-oc-tocopherol acetate. 
The metabolic role of vitamin E is as an antioxidant. It is a very effective 
scavenger of free radicals that can initiate chain reactions in the peroxidation of 
lipids,. The structure of vitamin E enables it to form part of mitochondrial, 
microsomal, plasma and other membranes and it can thus protect from degradation 
the polyunsaturated fatty acids present in membrane phospholipids. Some 
synthetic antioxidants can also fulfil this role but they lack the structural specificity 
so that their solubility in membranes is much less than of vitamin E. For instance, 
butylated hydroxyanisole is 25 times less efficiently bound to microsomal 
membranes than vitamin E and can only depress, but not prevent, peroxidation. 
Table 4.1 BIOLOGICAL ACTIVITIES OF 
DIFFERENT VITAMIN E COMPOUNDS 
Compound 	 Activity 
(relative to 
d1--tocopherol 
acetate = 100) 







Leth and Søndergaard (1977) 
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The other natural antioxidant system is based upon selenium as a constituent of 
glutathione peroxidase. This enzyme is present in plasma and in the cytosol within 
the cell and removes hydroperoxides formed in the first step of fatty acid oxidation. 
The two systems are thus complementary, but neither can be a complete substitute 
for the other. For instance glutathione reductase is not so effective in protecting 
membranes in the brain as vitamin E. Likewise vitamin E cannot replace selenium 
in its role in other reactions involving products of hydroperoxides. 
Deficiency 
Vitamin E deficiency causes several distinct pathological abnormalities, mostly 
associated with defective membrane structures. 
Encephalomalacia, or 'crazy chick disease', affects chicks 2-6 weeks of age. The 
head becomes twisted either backwards or forwards and uncoordinated muscular 
spasms affect the legs. Prostration and death ensue. The main lesions are in the 
cerebellum which is soft, swollen and oedematous often with small surface 
haemorrhages. Selenium is not effective in preventing this condition. 
Abnormal permeability of capillary walls in subcutaneous tissues leads to 
oedema in a condition known as exudative diathesis. Leakages of blood fluid 
through the capillaries and from minor haemorrhages in muscles gives the 
oedematous fluid a bluish-green colour that can be seen through the skin. The 
condition can occur at any age but is most prevalent in young growing chickens and 
turkeys. It is responsive to dietary additions of vitamin E or selenium. 
A type of muscular dystrophy associated with vitamin B deficiency occurs in 
chickens, turkeys and chicks. The condition is most noticeable in breast and thigh 
muscles which develop pale streaks of dystrophic degenerated fibres of high lipid 
content. Degeneration of the gizzard and heart muscles has also been seen in 
affected turkeys. The condition responds to vitamin E or selenium. 
Other abnormalities in vitamin E deficient birds include increased susceptibility 
of erythrocytes to haemolysis, testicular degeneration in males and depressed egg 
production and hatchability in females. Inadequate carry over to the egg can lead to 
poor viability of progeny, with increased susceptility to encephalomalacia and 
exudative diathesis. 
Requirements 
Normal health is the main criterion for vitamin E requirement. The need for 
vitamin E is highly dependent upon two other dietary factors, selenium and 
polyunsaturated fatty acids (PUFA). The requirement for vitamin E falls as the 
selenium content of the diet increases and it is experimentally difficult to 
demonstrate a precise requirement. It is suggested that poultry diets should contain 
a minimum of 10 mg vitamin E/kg. 
Increasing the PUFA content of a diet increases the metabolic need for 
antioxidants. When vitamin E levels are inadequate, increasing dietary PUFA can 
depress egg production and hatchability in hens and increase the susceptibility of 
chicks to the vitamin E deficiency conditions. Quantitative relationships between 
PUFA levels and vitamin E needs have been established on the basis of haemolysis 
of rat erythrocytes. It has been calculated that an additional 1 mg vitamin E was 
required by chicks per 1 g of linoleic acid (Weiser and Salkeld, 1977). 
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Vitamin A also influences vitamin E status and additional levels of vitamin E 




Compounds with vitamin K activity are based on the structure of menadione 
(2-methyl-1,4-naphthoquinone). The lipid soluble vitamin K 1 or phylloquinone 
series occurs naturally in plants and contains a phytyl substituent of variable size at 
the 3-position. The menaquinones or vitamin K2 series are also lipid soluble and are 
synthesized by microorganisms. Their structures are similar to those of the 
phylloquinones save that the side chain is composed of 4, 5 or 6 polymerized 
isoprene units. 
Phylloquinone and menaquinone both exert direct biological activity and can be 
incorporated into the egg if fed directly. Menadione, or vitamin K 3 , acts as a 
provitamin and must first be converted in the liver into menaquinone before it can 
exert a biological effect or be incorporated into the egg. However, menadione can 
be manufactured more readily than the other forms and is the usual basis for 
synthetic supplements. Menadione itself is lipid soluble but is unstable and can be 
an irritant to the skin and respiratory tract. Moreover it has a lower biological 
activity on a molar basis than phylloquinone. There are various water soluble 
derivatives of menadione containing a bisulphite substituent at the 4-position that 
have higher biological activity than menadione and are about as active as 
phylloquinone. The relative potencies of phylloquinone and menadione sodium 
bisuiphite (MSB) have been found to be similar and .2.5 times greater than that of 
menadione on a.molar basis. The range of these derivatives also includes sodium 
bisulphite complex (MSBC), menadione dimethylpyrimidolbisulphite (MPB) and 
menadione nicotinamide bisulphite (MNB). These derivatives are all more stable 
than menadione and are widely used in practical nutrition. 
There is conflicting evidence on the relative activities of the various menadione 
derivatives. Griminger (1965) has suggested that MPB is more effective than 
MSBC by a factor of 1.4 in lowering prothrombin time in the presence of an 
inhibitor. However, Weiser and Tagwerker (1981) have reported similar activities 
for MSB and MPB using a different test. Charles (1977) compared MSB and MSBC 
from several manufacturing sources and found an approximately similar range of 
activities for the two compounds. However, there was considerable variation in 
activity between different samples of each product. Chemical studies showed 
structural differences between samples, leading to the conclusion that vitamin K 
derivatives from different processes might contain isomers which alter the overall 
biological activity of the product. The quality of the individual product is therefore 
an important factor in determining the overall effectiveness of a vitamin K source. 
In animal metabolism, vitamin K is involved in the structural modification of 
several pre-formed proteins. It is required for the carboxylation of certain 
glutamate residues in peptides and proteins to give y-carboxyglutamate units. 
These units will strongly bind calcium ions and it seems that vitamin K-dependent 
proteins play an important part in all major areas of calcium metabolism. For 
instance the proteins are found in bones (osteocalcin), shell gland and egg shell, 
44 Vitamin requirements and allowances for poultry 
several other organs including the kidney and in pathological calcifications such as 
renal calculi and calcified tissues. However, it is in relation to blood clotting that 
the metabolic role of vitamin K is best understood. The vitamin is needed for the 
synthesis of several proteins, including prothrombin, that play essential roles in this 
process. When tissue damage occurs a variety of factors combine to convert 
prothrombin into thrombin. Thrombin catalyses the conversion of fibrinogen into 
fibrin which forms into strands, trapping blood cells and forming a clot. 
Deficiency 
Vitamin K deficiency results in lowered synthesis of proteins containing 
y-carboxyglutamate. The consequences of this are most readily observed in the 
blood clotting process which becomes retarded. This effect can be quantified in 
terms of the 'prothrombin time' which can be increased from a normal 17-20 s up to 
periods of several minutes and means that prolonged bleeding can arise from 
relatively minor injuries or bruises. A mild deficiency can be manifest by small 
haemorrhagic blemishes in the skin and other tissues and organs throughout the 
body. With more severe deficiency, generalized haemorrhaging can occur in 
muscles and other tissues and in extreme cases the bird can bleed to death. Birds 
are pale and anaemic both from loss of blood and hyperplasia of bone marrow. 
Eggs from deficient hens have depressed hatchability and signs of haemorrhaging 
may be apparent in the embryos. Carry over of the vitamin to the hatching chick is 
important and an inadequacy can lead to haemorrhagic conditions in very young 
chicks. In bones, lack of vitamin K results in lowered concentrations of some 
proteins and impairment of the mineral phase of bone development. 
Requirements 
Quantitative aspects of bird performance are not greatly influenced by vitamin K 
status. Instead, greater importance is assumed by qualitative criteria of 
requirement, such as good blood clotting ability and resultant freedom from 
haemorrhages and other blemishes on the skin or subcutaneously in live or 
processed birds. In this regard, measurement of prothrombin time is usually taken 
as a quantitative basis for the assessment of vitamin K requirement or the 
comparison of the relative activities of different forms. 
Estimates of the vitamin K requirements of young growing birds are very 
variable. Edens etal. (1970) found that the response to vitamin K was similar in two 
lines of chicks selected for fast or slow prothrombin times; maximum response was 
achieved with a dietary concentration of about 0.2mg menadione/kg. However, 
earlier studies by Nelson and Norris (1960; 1961a) concluded that the requirement 
of the chick was about 0.5 mg phylloquinone/kg. Corresponding requirements were 
0.35 mg MSB/kg (1 mg phylloquinone equimolar with 0.73mg MSB) or 0.48 mg 
menadione/kg (menadione only 40% active). These values are the preferred 
estimates of the requirement in chicks. The turkey poult has been estimated to 
need 1.1mgMSB or 1.5mg phylloquinone/kg for normal prothrombin time 
(Griminger, 1957). 
Information on the requirements of adult birds is limited. Fry et al. (1968) 
reported that 0.2-0.4mgMSBC/kg was required by breeding hens but the 
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preferred estimate of requirement is taken as 1 mg phylloquinone/kg on the basis of 
the findings of Griminger (1964). Experimental evidence for the requirement of the 
breeding turkey is lacking. 
Menaquinone can be synthesized by intestinal microorganisms but reingestion of 
faeces rather than direct absorption is likely to be the main way the bird could 
benefit from this. A number of drugs can interact with vitamin K. Sulphonamides 
can induce signs of deficiency, probably by inhibition of vitamin K metabolism in 
tissues rather than by inhibition of intestinal synthesis. The addition of 1-2 g 
sulphaquinoxaline/kg diet can increase the phylloquinone requirement 4- to 7-fold 
(Griminger and Donis, 1960; Nelson and Norris, 1961b). However, the relative 
abilities of the different forms of vitamin K to counteract the effects of the drug 
seem to differ, so that requirements for other forms may be even higher. Thus, 
Nelson and Norris (1961b) estimated that the activities of MSB and menadione 
were 70% and 40% respectively relative to phylloquinone in countering the effects 
of 1 g sulphaquinone/kg diet. Frost, Perdue and Spruth (1956) suggested that 
menadione was only 10-17% as effective as MSB. 
Anticoagulants such as dicoumarol and warfarin act by inhibiting directly vitamin 
K metabolism in the coagulation process. Thus, the requirement for phylloquinone 
is approximately doubled by the presence of 100 mg warfarin/kg diet. Vitamin K 3 
compounds are ineffective in countering these anticoagulants, presumably because 
their conversion to metabolically active forms is also inhibited. 
Other growth promoters such as tetracycline antibiotics and arsanilic acid can 
also inhibit vitamin K but the effects are relatively small and can be overcome by 
moderate increases in vitamin K intake. Likewise high levels of vitamin A also 
necessitate a small increase in dietary vitamin K. 
Disease and stress also influence vitamin K status in the bird. Infections involving 
haemorrhaging are particularly serious. Thus mortality from coccidiosis is 
enhanced by a lack of vitamin K. The implications of this relationship for vitamin K 
requirement depend upon the particular derivative being fed. Thus, the 
requirement for phylloquinone is little changed (Harms, Waldroup and Cox, 1962) 
but, perhaps as a result of destruction or impaired absorption, requirements for 
menadione derivatives are higher, perhaps by factors of 2 and 5 for MSBC and 
menadione respectively. Increased prothrombin times have been reported to 
accompany a range of other diseases and it is likely that stress of whateverorigin 
can increase the need for vitamin K. This may account for the occasional 
observations of field outbreaks ofhaemorrhagic syndromes responsive to vitamin K 
occurring with diets not thought to be initially deficient in the vitamin. 
THIAMIN 
Biochemical functions 
Thiamin, also known as vitamin B 1 or aneurine, is a cationic combination of 
pyridine and a thiazole ring. It is isolated most frequently as the chloride 
hydrochloride. The biological activity is greatly diminished by even small changes 
in molecular structure; the only derivatives with substantial activity are those 
containing ethyl or n-propyl moieties in place of the usual methyl substituent on the 
pyridine ring. The metabolically active forms of thiamin are the phosphorylated 
derivatives. Thiamin pyrophosphate (TPP) is the most common but mono- and 
triphosphates also occur. 
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The best understood role of thiamin is as a cofactor for enzymes involved in 
several areas of carbohydrate metabolism. The reactions involve decarboxylation 
of various substrates and contribute to the use of carbohydrates as energy sources. 
Thus in glycolysis, pyruvate is converted to acetyl coA and CO 2 by the 
thiamin-dependent enzyme pyruvate dehydrogenase. In the citric acid cycle, the 
conversion of -ketoglutarate to succinyl coA and CO 2 is also thiamin-dependent. 
TPP is a coenzyme for transketolase, the enzyme in the pentose pathway that 
converts hexoses to pentoses in the synthesis of nucleotides and nucleic acids. It is 
also a cofactor in the decarboxylation of glyoxylic acid and has been associated with 
the activities of lactate dehydrogenase and glycerophosphate dehydrogenase. 
Thiamin also plays a role in the operation of the nervous system. Thiamin is 
liberated by nerve action and can stimulate the synthesis of acetyl choline. This 
neurological role of thiamin appears to be independent of its action as an enzyme 
cofactor, since TPP is without effect, but the precise mechanism is not understood. 
Deficiency 
A moderate deficiency of thiamin in young birds results in abnormalities in 
carbohydrate metabolism. Impairment of glycolysis causes elevations in blood 
pyruvate and lactate levels. Inhibition of the citric acid cycle causes a build up of 
x-ketoglutarate. These and other metabolic blockages mean that the metabolizable 
energy derived from carbohydrates is decreased in thiamin deficiency. More severe 
deficiency results in polyneuritis in both chicks and poults. The first signs can occur 
as early as 3 or 4 days after hatching and death can ensue within 7-10 days in an 
extreme deficiency. The initial signs are weakness and nervousness. Then spasms 
occur, the head becomes retracted and the legs extend so that the birds topple over 
backwards. Lesions have been observed in the duodenum and pancreas but not, at 
the microscopic level, in brain or nervous tissue. In adult birds thiamin deficiency 
can result in decreased food intake, egg production and hatchability. 
Requirements 
Though the activity of transketolase can give specific information on thiamin status, 
production responses have so far generally been used to determine thiamin 
requirements. 
Requirements for thiamin can be affected by environmental temperature. The 
requirement to prevent polyneuritis has been found to be three times as high at 
32°C than at 21°C. It is probable that abnormally low temperatures can also 
increase the requirement. Since thiamin is needed for the utilization of 
carbohydrate, the requirement for it is higher in diets of high carbohydrate content. 
Results of Peacock (1970) suggest a probable requirement of 1.0 mg/kg for a diet of 
12.6 MJ metabolizable energy (ME) and 30 g fat/kg, decreasing to 0.75 mg/kg for a 
diet containing 230g fat/kg. Other studies by Thornton and Shutze (1960) have 
suggested that an adequate dietary level of broiler chicks, extrapolated to a dietary 
content of 12.6MJ ME/kg, was 1.5mg/kg and this value is taken as the preferred 
estimate of requirement. For growing turkeys data of Robenalt (1960) and 
Sullivan, Heil and Armintrout (1967) suggest that 2mg/kg is required for maximum 
growth rate and viability. A dietary level of 0.7 mg/kg has been found to give 
maximum hatchability in breeding hens (Polin, Wynosky and Porter, 1962a, b; 
1963). 
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A wide range of other factors can influence thiamin status of birds or feeds. 
Coccidia compete with the host for thiamin in the intestine and can depress status. 
Amprolium, an anticoccidial drug, blocks thiamin metabolism and can induce a 
deficiency in the bird if dietary thiamin levels are inadequate. Furazolidone, if used 
in excess, can also impair thiamin status. Other anti-thiamin compounds can 
modify the thiamin molecule and inactivate it. These thiaminases occur in a range 
of plants, fish, shellfish and crustacea and can inactivate thiamin during feed 
processing. However, these factors are not thought to have a major effect on 
thiamin nutrition under practical conditions usually encountered in the UK. 
RIBOFLAVIN 
Biochemical functions 
Riboflavin, or vitamin B 2 , is a ribityl derivative of dimethylisoalloxazine. In 
crystalline form it is stable to heat and resistant to oxidation but can decompose in 
alkaline solution or on exposure to light. In the body it exists as free riboflavin 
usually only in urine and in the retina. In other tissues it is present as riboflavin 
monophosphate or flavin adenine dinucleotide. As such it is a cofactor for enzymes 
involved in a wide range of oxidation reactions generating energy from lipid, 
carbohydrate and amino acid sources. Thus acyl coA dehydrogenases participate in 
the oxidation of fatty acid coA esters Of varying chain length, glucose oxidase is 
specifically involved in the oxidation of glucose and there are various amino acid 
oxidases. Succinate dehydrogenase and NADH dehydrogenase also take part in 
central oxidative pathways. Comparatively high concentrations of riboflavin are 
therefore present in metabolically active tissues such as muscles, liver and kidney. 
Deficiency 
Young birds fed a deficient diet have a depressed food intake and growth rate. 
They may suffer from diarrhoea due to inflammation of the mucous membranes of 
the digestive tract. The skin becomes rough, with a mild scaly dermatitis. 
Characteristic leg abnormalities, involving a curled toe paralysis occur in which the 
toes become compressed together and curl inwards. The bird resorts to walking on 
the side of its feet and on its hocks. Ultimately the birds lie prostrate, sometimes 
with legs extended in different directions. This leg abnormality is brought about by 
degeneration of the myelin sheaths of peripheral nerves, with the sciatic nerve 
showing a particularly marked enlargement. Young turkeys can show a severe 
dermatitis of mouth and legs and eyes may become closed by the crusting over of a 
sticky exudate. Reproduction is impaired in adult birds. Rate of egg production is 
depressed and there may be high embryonic mortality, especially during the first or 
second week of incubation. Deficient embryos are stunted and oedematous. They 
may also show a 'clubbed down' in which the feathers are coiled and fail to rupture 
the surrounding sheath. Hatching chicks may also show this condition. Clubbed 
down is not an inevitable sequel to riboflavin deficiency, however, since it also 
requires the presence of a specific gene related to down pigmentation. Thus, 
deficient embryos lacking this particular gene do not show clubbed down. 
48 Vitamin requirements and allowances for poultry 
Requirements 
Requirements of growing birds have been assessed using growth rate, freedom 
from toe lesions or the activity in erythrocytes of glutathione reductase as criteria. 
Requirements of both chickens and turkeys seem to be in the range of 4-5 mg/kg. 
Thus Jeroch (1970) has reported a requirement of 3.5 mg/kg for young broilers and 
Yoshida, Hoshii and Morimoto (1966) a value of 5 mg/kg (converted to a diet of 
13 M ME/kg). More recently Ruiz and Harms (1988a) have suggested 
requirements of 4mg/kg for optimum growth but about 5 mg/kg for complete 
freedom from toe lesions. The last value is taken as the preferred requirement for 
broilers. Available evidence suggests that 4mg/kg is adequate for turkeys (Jeroch, 
Prinz and Hennig, 1978; Lee, 1982; Ruiz and Harms, 1986a). 
Riboflavin requirements for egg production are met by 2-2.5 mg/kg. However, 
requirements for hatchability are higher. Tinte and Austic (1974) suggested that 
2.75 mg/kg was marginal and the preferred estimate is taken as 4mg/kg on the basis 
of data of Jeroch (1971). Data on the requirements of breeding turkeys are very 
sparse and a requirement value of 4mg/kg is suggested. 
NICOTINIC ACID 
Biochemical functions 
Nicotinic acid or niacin (3-pyridinecarboxylic acid) and its amine derivative are 
biologically active in animals. Nicotinic acid itself occurs widely in plants but in 
animals it is converted into nicotinamide and this compound is thus the source of 
vitamin activity in feedstuffs of animal origin. 
In animal metabolism nicotinamide is the functional group for two coenzymes, 
nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide 
phosphate (NADP). These enzymes are involved in the metabolic transfer of 
hydrogen as receptors or, in the reduced forms, as donors. They are essential in 
processes involving the production and use of metabolic energy, such as the citric 
acid cycle, and play fundamental roles in amino acid, carbohydrate and fatty acid 
metabolism. Nicotinic acid when supplied at pharmacological levels can have an 
antilipolytic effect. 
Deficiency 
Nicotinic acid deficiency has a depressing effect on the activities of NAD and 
NADP and their dependent metabolic pathways. In humans the deficiency 
condition is pellagra, characterized by dermatitis, dementia and diarrhoea. In 
poultry the first signs are general in nature, e.g. depressions in growth and viability 
of young birds or egg production and hatchability in adults. Dermatitis, 
enlargement of the hock joint, bending of the leg bones and slippage of the 
gastrocnemius tendon are more specific lesions occurring in growing chicks and 
poults. 'Black tongue' has also been reported to be a specific effect in chicks. 
Relationship with tryptophan 
The main nutritional interaction of this vitamin involves tryptophan. NAD is one of 
the degradation products of tryptophan and if the tryptophan intake is high, 
breakdown of the excess can result in a sparing of the dietary requirement for 
nicotinic acid. This sparing is likely to be minimal with dietary tryptophan levels 
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•near the requirement when most of the vitamin is used for growth or production 
and little degradation takes place. Nicotinic acid cannot spare the requirement for 
tryptophan since the reaction is not reversible. 
The quantitative relationship between tryptophan and nicotinic acid is dependent 
upon (a) the amount of excess tryptophan, and (b) competition between different 
breakdown pathways. Degradation of tryptophan can proceed by two routes, only 
one of which gives nicotinic acid. Genetic variation in the balance between these 
two pathways can lead to strain differences in nicotinic acid requirements. 
Nutritional factors can also influence the conversion of tryptophan to nicotinic acid. 
For instance, riboflavin and pyridoxine are involved in different steps and a 
deficiency of either can inhibit the process. High levels of dietary fat, especially 
saturated fat, can also suppress the interconversion. Variation in these factors is the 
likely explanation for the wide range in the estimates of the efficiency of the 
conversion of L-tryptophan to nicotinic acid in the chicken. Estimates range from 
40 to 45:1 on a weight basis (Baker, Allen and Kleiss, 1973), through 50 to 70:1 
(Yen, Jensen and Baker, 1977) up to 187:1 (Manoukas, Ringrose and Teerie, 
1968). In practice, diets seldom contain excessive amounts of tryptophan and 
requirements are discussed on the assumption that there is minimal contribution 
from tryptophan. 
Requirements 
The vitamin is available commercially as nicotinic acid or nicotinamide and 
comparisons of the relative biological activities of these compounds is of interest. 
Since the vitamin is biologically active in the animal as the amine, it might be 
supposed that feeding it as the amine might be more effective. There is evidence 
that nicotinamide in the diet can be incorporated unaltered into NAD, but there is 
also evidence that a proportion of nicotinamide is deaminated in the gut and 
absorbed as nicotinate. The conversion of nicotinic acid into the amide in the 
chicken seems to be very efficient and feeding comparisons suggest that any 
differences in biological activity between the two compounds are quite small. 
Requirements are therefore discussed on the assumption that the two forms are 
equally active (their molecular weights are nearly identical). 
Growth and freedom from leg lesions have generally been used as criteria for 
assessing nicotinic acid requirements in young birds; it has sometimes been 
observed that the requirement is higher to meet the latter criterion. The previous 
ARC (1974) requirement was 28mg/kg for young chickens, but more recent 
information suggests that the current value for modern broilers is much higher. The 
studies have involved supplementation of maize-soyabean diets containing 21 mg 
total nicotinic acid/kg (probably about 14 mg available nicotinic acid/kg). In one 
brief report Ruiz and Harms (1986b) claimed the minimum supplement needed was 
33mg/kg (for a diet containing 2.9 g tryptophan/kg), suggesting a requirement of 
47mg/kg. In a more detailed account of a series of experiments, Waldroup et al. 
(1985) showed consistent responses to supplementation above the 33mg/kg level. 
Tryptophan levels in these diets were not reported, but have been calculated to be 
about 2.3g/kg for starter diets. This value is somewhat lower than the value 
reported by Ruiz and Harms (1986b) and the difference, if real, may account for 
the apparent difference in nicotinic acid requirement. For diets not containing 
tryptophan in excess of the requirement, it is suggested that an appropriate value 
for the nicotinic acid requirement of starting broilers is 70mg/kg. 
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Quantitative data on turkey responses to nicotinic acid are also few, and 
complicated by tryptophan interactions. Slinger et al. (1953) reported best 
performance with a supplement of 70mg/kg to a practical diet, but data of Scott 
(1953) suggested a supplemental level of 45-50 mg/kg was adequate for a diet 
containing 27mg/kg. Zaviezo and McGinnis (1980) reported the requirement to be 
40mg/kg feed with 2.6 g tryptophan/kg and 35 mg/kg with 3.2 g tryptophan/kg. Ruiz 
and Harms (1988b) have recently reported that 44mg/kg feed (about 40mg 
available/kg feed?) was needed for optimum growth and minimal incidence of leg 
disorders, in a diet containing a generous amount of tryptophan (3.5 glkg). With 
diets just meeting the tryptophan requirement, however, Fisher (1974) reported 
data suggesting that 60mg available nicotinic acid/kg was needed for optimum 
growth and that a slightly higher amount (70 mg/kg) was required for minimum 
incidence of leg disorders. This value is taken as the preferred requirement for diets 
not containing excessive tryptophan levels. 
The requirement of laying chickens for nicotinic acid seems to be comparatively 
low. Adams and Carrick (1967) indicated that 6mg/kg was adequate for egg 
production but that 10mg gave better hatchability. Corresponding values from 
Ringrose et al. (1965) are 8 and 10 mg/kg and these are taken as the preferred 
estimates of requirement for laying and breeding hens respectively. A recent report 
by Ouart, Harms and Wilson (1987) has not shown any benefit to supplementation 
of practical maize-soya or wheat-soya layers' diets. Though dementia is a 
characteristic of nicotinic acid deficiency in humans, nicotinic acid within the 
normal nutritional ranges does not seem to influence nervousness in battery hens. 
For breeding turkeys, the only report (Harms et al., 1988) has indicated that a 
practical maize—soya diet contained sufficient nicotinic acid (23 mg/kg total; 
15 mg/kg available?) for maximum egg production, fertility and hatchability. 
However, about 30 mg available nicotinic acid/kg was needed to maximize egg and 
body weights. This latter value is taken as the requirement. 
PANTOTHENIC ACID 
Biochemicalfunctions 
Pantothenic acid consists of pantoic acid (dihydroxydimethylbutyric acid) joined to 
f3-alanine by an amide linkage. Only the d-form is biologically active. The alcohol 
derivative, pantothenol, is fully active but other structural changes, such as the 
addition of another methyl group, give rise either to a loss of vitamin potency or 
antagonistic activity. Free pantothenic acid occurs only rarely in biological systems; 
it is most usually present as a component of coenzyme A or acyl carrier proteins. In 
its isolated form it is a very hygroscopic, unstable oil. The sodium and calcium salts 
are much more stable. The latter is the most common form used as a feed additive 
and is stable to air and light if protected from humidity but is slightly sensitive to 
heat. Pantothenol is sometimes used in liquid preparations. 
The metabolic role of pantothenic acid is as a constituent of enzymes and 
coenzymes. In combination with a nucleotide, it forms part of coenzyme A which 
plays a central role in many areas of metabolism. As acetyl coenzyme A, it is an 
essential intermediate in the energy-yielding oxidation of fat, carbohydrate and 
amino acids. Thus, in the 3-oxidation of fatty acids, long chain fatty acyl coenzyme 
A is successively degraded into molecules of acetyl coenzyme A, with liberation of 
energy as ATP. Acetyl coenzyme A can also be produced by degradation of 
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áarbohydrates and amino acids and itself participates in the generation of energy in 
the citric acid cycle as a result of its part in the synthesis of citrate by condensation 
with oxalacetate. Acetyl coenzyme A is also involved in other synthetic pathways. 
It takes part in acetylation reactions, such as the synthesis of acetyl choline and 
acetylhexosamines and in the synthesis of cholesterol and steroid hormones. 
Pantothenic acid also has two roles in lipogenesis: it forms part of acyl carrier 
protein, a coenzyme for fatty acid synthetase and, as acetyl coenzyme A, is 
converted to malonyl coenzyme A (by a biotin-dependent mechanism) in the first 
step of fatty acid synthesis. 
I Deficiency 
In pantothenic acid deficiency, the utilization of energy is impaired and nutrient 
retention is depressed. Birds seem to be able to obtain almost the full 
metabolizable energy value from diets, but a greater heat increment and a 
depressed deposition of carcass energy are indicative of lower productive energy. 
Nervous disorders occur, probably related to inhibition of acetylcholine synthesis. 
The endocrine system is also affected: synthesis of steroid hormones is decreased 
and the activity of the adrenal gland is lowered. These last changes may be 
responsible for the relationships observed between the vitamin and stress and 
fertility. Disease resistance is lowered in deficient birds. 
Histological abnormalities include myelin degeneration of nerves, necrosis of 
lymphocytes, fatty degeneration of the liver and changes in Lieberkuhn's glands in 
the duodenum. Clinical signs of a deficiency resemble those of biotin in several 
ways. Growth and feed conversion are depressed and crusty lesions develop at the 
corners of the beak and around the eyelids. Skin on the feet is affected with hyper -
and parakeratosis and acanthosis, and peels off, allowing cracks to develop. 
Feathering is retarded and colouring is lost. Nervous problems result in locomotor 
disorders and ataxia. In young turkeys, deformation of the hock joint and slippage 
of the gastrocnemius tendon have been associated witha lack of pantothenic acid. 
In adult birds egg laying and, to a greater extent, hatchability are diminished. With 
a mild deficiency embryonic mortality occurs mainly during the last day or two of 
incubation but with a more severe deficiency mortality during the first week 
increases. Embryos show malformations of the head, back and feathers together 
with fatty liver, hydrocephalus and oedema of the skin. 
I Requirements 
Relationships have been established between pantothenic acid and other 
nutritional and environmental factors. These include folic acid, biotin (fatty acid 
synthesis), copper (inhibition of coenzyme A function) and stress but quantitative 
effects on pantothenic acid requirements have not been established. However, the 
relationship between pantothenic acid and cobalamin has been investigated in more 
detail and it has been found that pantothenic acid requirements are about 50-100% 
higher in hens and growing chickens fed insufficient cobalamin. 
Requirements of growing birds have been assessed by several criteria. 
Roth-Maier and Kirchgessner (1973) did not observe a growth response in broilers 
to supplementation of a diet containing 7.8 mg/kg. However, in a subsequent 
experiment (Roth-Maier and Kirchgessner, 1976) the responses obtained suggested 
I that the maximum amount fed (8 mg/kg) may not have been sufficient. Beagle and 
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Begin (1976) measured energy utilization in two experiments and found that 
productive energy derived by broilers was not maximal with a diet containing 
10mg/kg. Dietary levels of 12.5 and 17 mg/kg in the different experiments gave very 
similar improvements in productive energy relative to the diet with 10mg/kg. The 
broiler requirement has been set on the basis of these observations at 12 mg/kg for a 
diet containing 13 MJ metabolizable energy/kg. Requirements of growing turkeys 
are about the same. Slinger and Pepper (1954) found that the growth of poults fed a 
diet calculated to contain 11.5mg/kg responded to a supplement but Jeroch, Prinz 
and Hennig (1978) have concluded from a large series of trials that practical diets 
calculated to contain 13mg/kg of natural vitamin did not require supplementation, 
using feed intake, growth and mortality as criteria. 
There is little information on the requirements of adult birds of modern strains. 
Beer, Scott and Nesheim (1963) reported that 1.9mg/kg was adequate for egg 
production of White Leghorns laying at a rate of 65%. However, evidence that this 
level may no longer be adequate, especially for heavier types of bird, has come 
from the findings of Leeson, Reinhart and Summers (1979) that egg production of 
Rhode Island Red hens was depressed with a diet calculated to contain about 
6mg/kg of natural vitamin. In view of doubts over calculated dietary levels 
(discussed later) it is not possible to set with certainty a requirement value for 
laying hens. However, a value of 7 mg/kg may be appropriate for highly productive 
heavy birds. In breeding hens Balloun and Phillips (1957) estimated a requirement 
of 7 mg/kg for hatchability. However, there was evidence that higher levels 
improved chick viability and growth potential, hence a requirement of 10mg/kg is 
considered more satisfactory. The requirement of the breeding turkey is set at 
16mg/kg on the basis of data of Kratzer et al. (1955). 
PYRIDOXINE 
Biochemical function 
Pyridoxine or vitamin B 6  is a hydroxymethyl derivative of pyridine. It occurs 
naturally in plants but in animals it is converted into pyridoxal and pyridoxine. 
These compounds are then phosphorylated and incorporated into enzyme system 
as pyridoxal phosphate. Synthetic pyridoxine is used as its hydrochloride. The  
lower stabilities of pyridoxal and pyridoxamine mean they are less active than  
pyridoxine when added to diets. 
Pyridoxal phosphate is a cofactor for a number of enzymes, almost all of whic 
catalyse reactions involving amino acids. These reactions involve transamination, 
decarboxylation or cleavage and include the removal of water or hydrogen 
sulphide. Thus pyridoxine is important for the metabolism of sulphur-containing 
amino acids and it is also involved in the synthesis of non-essential amino acids as 
well as the conversion of tryptophan to nicotinic acid (inhibition of this pathway 
leads to increased excretion of xanthurenic acid). 
Deficiency 
Amino acid metabolism is widely impaired in pyridoxine deficiency. Utilization of  
amino acids such as methionine is impaired, as are the interconversions needed for 
the efficient incorporation of amino acids into proteins. Both intestinal absorption 
of amino acids and nitrogen retention are also depressed. There is inadequate 
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;ynthesis of some proteins and this Is reflected In blood where there are changes in 
:he concentrations of individual proteins. A decrease in haemoglobin levels results 
n microcytic anaemia; decreases in globulins can lower antibody levels and 
ncrease the sensitivity of animals to infections. Changes in lipid metabolism, such 
is depressed fat deposition. and elevated plasma cholesterol may be secondary 
effects. 
Clinical signs of severe deficiency in chicks include poor growth and feather 
levelopment, ataxia and death. Nervous symptoms include tilting of the head and 
incontrolled running movements and convulsions. The nervous disorder is not seen 
.n marginal deficiency but growth depression still occurs, accompanied sometimes 
y leg bone abnormalities. Distortion of the epiphyseal cartilage causes curvature 
A the leg bone and tendon slippage. Other abnormalities to have been reported are 
izzard erosion, pendulous crop and haemorrhages around the follicles of wing 
eathers. Similar changes can occur in poults, although anaemia has not been 
reported. 
In adult chickens and turkeys deficiency causes decreases in appetite and body 
Neight, especially fat depots. Egg production and hatchability both decrease to 
ero in severe deficiency and there is regression of combs and wattles. Dermal 
[esions have been reported around the beaks and on the legs of turkeys. 
Requirement 
Fhe requirement for pyridoxine is very dependent on the protein level and amino 
icid composition of the diet. The requirement is elevated when the diet contains 
xcess amino acids that must be catabolized before being excreted. Enzymes 
Lnvolved in the metabolism of sulphur-containing amino acids are very sensitive to 
the supply of the vitamin. Thus a marginal deficiency of methionine can be 
vercome by the supply of extra pyridoxine (Kazemi and Daghir, 1971). However, 
xcess methionine exacerbates a deficiency of pyridoxine because the vitamin is 
ilso needed to degrade the surplus amino acid. Similar relationships with other 
imino acids such as serine have also been reported. 
There are several criteria by which to assess the requirement in broilers. 
However, biochemical criteria such as the excretion of xanthurenic acid after 
losing with tryptophan or the measurement of glutamate—oxaloacetate trans-
iminase and glutamate—pyruvate transaminase have, in general, not proved so 
;uccessful in indicating the optimum requirement of the broiler as they have for the 
pig. Hence most of the estimates or requirement are based upon production data 
such as growth rate and the retention or accumulation of protein or fat in the 
arcass. 
There have been many studies on the requirements of broilers using both 
purified and practical diets, but interpretation of results is complicated by the wide 
Jifferences in the dietary energy and protein levels used. However, extrapolation 
Df results to diets of conventional broiler starter specification (i.e. 13 MJ ME and 
230g CP/kg) suggests that the pyridoxine requirement is in the region of 
3.5-4.0mg/kg (Kirchgessner and Maier, 1968; Gries and Scott, 1972; Daghir and 
Shah, 1973). The latter value is taken as the preferred requirement. 
There are few recent data on which to base the requirement of growing turkeys. 
Data of Sullivan, Heil and Armintrout (1967) suggested the requirement was 
4.5 mg/kg but more recently Waldroup et al. (1976) reported that male turkeys 
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showed a growth response to supplementation of a practical maize—soyabean diet 
A value of 6 mg/kg may therefore represent a better estimate of the current growin, 
turkey requirement. 
In adult birds the most recent studies suggest that the requirements for egg layin, 
and hatchability in chickens are 2 and 4mg/kg respectively (Abend and Jeroch 




The structure of biotin is based on an imidazole ring with a valeric acid side chain 
There are eight optically active forms of this structure but only d-(+)-biotin i 
biologically active. d-Biotinol and biocytin (a naturally-occurring form of bioti: 
bound to lysine) can be converted to biotin in animal tissues but othe 
structurally-related compounds are only weakly active or strongly antagonistic. 
Biotin acts as a cofactor for several enzymes involved in carboxylation reactiom 
These include pyruvate carboxylase which catalyses the conversion within th 
mitochondrion of pyruvate to oxaloacetate, an intermediate in the synthesis c 
glucose. Oxaloacetate is also required by acetyl coA which condenses with it t 
form citrate before passing into the cytoplasm to enter the lipogenic pathwa) 
Acetyl coA carboxylase, another biotin dependent enzyme, catalyses th 
conversion of acetyl coA to malonyl coA, the first step in the synthesis of fatt 
acids. A third enzyme, propionyl coA carboxylase converts propionyl coA mt 
methylmalonyl coA. Biotin-dependent enzymes are thus directly involved in th 
important processes of gluconeogenesis and lipogenesis and can have effects o 
other pathways by their influences on many metabolic intermediates. Biotin 
covalently bound to its enzymes and a lack of biotin results in decreases in enzym 
specific activities. Impairment of lipogenesis is reflected in changes in tissue fatt 
acids: the proportions of monoenoic fatty acids, especially palmitoleic, at th 
expense of saturated fatty acids, mainly stearic. There may also be inhibition of th 
conversion of linoleic to arachidonic acid. Gluconeogenesis via pyruvate 
depressed and indirect effects of deficiency depress other metabolic pathwa) 
including protein and purine synthesis and oxidative phosphorylation. 
Deficiency 
Skin and bone abnormalities are the classic lesions of biotin deficiency. In youn 
birds growth is depressed and lesions develop on the foot pads. Hyperkeratosis an 
acanthosis lead to the formation of cracks and encrustations which may beconi 
infected. Dermal lesions may also form at the angles of the beak and around tli 
eyelids and the skin over the rest of the body becomes rough. The foot pad lesioi 
can be exacerbated by poor litter conditions and may lead to the bird spending 
longer time sitting, encouraging the formation of breast blisters. Bone lesions ai 
characterized by chondrodystrophy: the most obvious defects are shortened an 
twisted metatarsal bones, sometimes accompanied by slippage of the gastrocnemil 
tendon. 'Parrot beak' can also occur. 
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Fatty liver and kidney syndrome (FLKS) is a condition related to biotin 
leficiency that specifically affects young growing chickens, mainly broilers. 
Deficient chicks experiencing a severe loss of activity of pyruvate carboxylase may 
ave difficulty maintaining blood glucose at normal levels. If these birds suffer even 
i small stress, interruption of feeding or depletion of limited glycogen reserves may 
ead to them developing a progressive and usually fatal hypoglycaemia. An 
iccompanying mobilization of adipose tissue lipids, perhaps in a vain attempt to 
ounter the metabolic abnormalities, leads to the infiltation of histologically visible 
ipid not only in liver and kidney, as implied by the name, but in many other tissues 
is well. 
The manifestation of biotin deficiency, whether as classic lesions of FLKS, is 
nfluenced considerably by the effect of other nutrients, mainly protein and fat, on 
:he partitioning of biotin between the different biotin-dependent enzymes. The 
ytoplasmic enzyme acetyl coA carboxylase seems to have preferential access to 
)iotin because when dietary protein or fat levels are low, a situation that creates a 
iigh demand for lipogenesis, the activity of pyruvate carboxylase is depressed to a 
ar greater relative extent than that of acetyl coA carboxylase. Under these 
onditions FLKS can occur, often without the presence of severe classic lesions. 
However, with higher dietary levels of protein or fat, acetyl coA carboxylase 
activity is normally lower and is depressed considerably by biotin deficiency. In 
:ontrast the depression in pyruvate carboxylase activity is not so great as to prevent 
luconeogenesis completely. Under these conditions birds may develop severe 
classic lesions without the occurrence of FLKS. Deficiency in adult birds rarely 
results in clinical lesions. Hens can continue to lay eggs when fed diets of very lOW 
biotin content but hatchability can be severely impaired. Deficient embryos show 
stunting of bone growth characteristic of chondrodystrophy. 
Requirements 
Biotin requirements of growing birds have been assessed by responses in growth 
and the activity in blood of pyruvate carboxylase, a specific criterion of biotin 
status. These results (Whitehead and Bannister, 1980) indicated the broiler 
requirement was 170 lig available biotin/kg but later calculations (Whitehead, 1986) 
suggested that the requirements of more modern broilers might have increased to 
180 [tg/kg. Experience has suggested that where other factors predispose birds to 
FLKS, higher amounts of biotin may be needed. Estimates in the past of growing 
turkey requirements have ranged from 200 to 450 glkg but these may have been 
complicated by interactions between Mycoplasma infection and biotin. Require-
ments do not seem to have been reassessed properly within the last 20 years. It is 
suggested that a level of 250 tg/kg may represent the current requirement of 
mycoplasma-free turkeys. 
In adult birds the requirement for biotin for egg laying seems to be quite low in 
both chickens and turkeys: Whitehead (1980) has reported that supplementation of 
a wheat-based diet estimated to contain 30 .tg available biotin/kg did not give any 
response in egg number over the whole laying year in caged White Leghorn-type 
hens. However, requirements for hatchability are higher. Recent studies on 
feed-restricted broiler breeders (Whitehead et al., 1985) have suggested the 
requirement for hatchability is 100 tg/kg. This amount has also been found to be 
adequate for Leghorn and Rhode Island Red hens fed ad libitum (Bradley, 
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Atkinson and Krueger, 1976; Leeson, Reinhart and Summers, 1979). Biotin 
transfer to the egg is important for chick viability but it has been shown that the 
concentration of biotin incorporated into egg yolk is lower in younger breeding 
hens. Chicks from younger hens thus hatch with a lower biotin status which can be 
reflected in poorer viability and growth potential unless these parents are given 
extra biotin to increase the yolk content (Whitehead et al., 1985). Turkey breeder 
requirements have been reported to be about 150sgIkg (Waibel et al., 1969; 
Arends etal., 1971) but a recent reassessment (Whitehead, unpublished) suggested 
this level was slightly inadequate for maximum hatchability. A safer requirement 
value might be 170tg/kg. Similarly, Robel (1983) has reported that biotin 
incorporation in turkey eggs increases with age and also (1987) that injecting turkey 
eggs with biotin can improve hatchability. The latter observation remains to be 
confirmed, but there is no evidence that very high dietary biotin levels are 
especially beneficial for hatchability (Whitehead, unpublished). 
COBALAMIN 
Biochemical functions 
A group of compounds known as cobalamins or vitamin B 12 gives rise to 
metabolically active cobamide coenzymes. The cobamide is a complex structure in 
which a cobalt atom is chelated to a substituted corrin ring. The chelate can also 
involve hydroxyl or cyano anions. The vitamin is usually isolated in this last form, 
cyanocobalamin, which is quite stable when dry or in acidic environments but is 
susceptible to oxidation promoted by heat or light when wet. 
Cobamide coenzymes participate in reactions involving hydrogen or methyl 
group transfer. Hydrogen transfer is achieved by methylmalonyl-coA mutase in 
converting methylmalonyl-coA to succinyl-coA. Methionine synthetase transfers a 
methyl group provided by a folate derivative in the conversion of homocysteine to 
methionine. Cobamide enzymes are also thought to be involved in the synthesis of 
folate polyglutamates. There are thus close metabolic relationships between 
cobalamin, folic acid and methionine. 
Deficiency 
Cobalamin deficiency results in a depression of enzyme activities. The decrease in 
mutase activity results in increased excretion of methylmalonic acid. Loss of 
activity of the enzymes involved in folate metabolism can induce a functional folate 
deficiency. Thus, some of the other manifestations of cobalamin deficiency, such as 
macrocytic anaemia, resemble those of folate deficiency. 
Clinical effects of a deficiency are poor growth in chicks and depressed 
hatchability in hens. Dead embryos show fatty infiltration and haemorrhaging in 
many tissues. 
Requirements 
The requirements of poultry for cobalamin are exceedingly small and still 
ill-defined. They are affected by interactions with protein, fat, methionine, choline 
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md pantothenic acid. Protein and fat appear to increase the requirement whereas 
holine and methionine have sparing actions but adequate data are not available to 
1uantify these effects. Studies suggest that dietary requirements for cyanocobala-
nin are about 12 tg/kg for chicks and 15 [tg/kg for laying hens (Tada, 1976a, b; 
'atel and McGinnis, 1977). 
OLIC ACID 
3iochemical functions 
['he structure of folic acid or pteroyl monoglutamic acid is based on a pterin ring 
md p-aminobenzoic acid and glutamic acid units. Folic acid itself does not have 
lirect biological activity but is reduced within the body firstly to dihydrofolic acid 
md then to tetrahydrofolic acid which is the major metabolically active folate. 
Dther forms of folate involve different 1-carbon units attached to either the 5- or 
[0- positions of the vitamin, or bridging these positions. Metabolically active folates 
)ften involve monoglutamate forms but folates in storage are generally present as 
olyglutamates with chains of up to 11 or 12 glutamic acid residues linked by the 
-carboxyl unit (unlike the more usual or-linkage in peptides. Folic acid is thus one 
A the most complex vitamins in terms of its different structural forms. 
Folates act as co-substrates for enzymes involved in 1-carbon metabolism. They 
an accept or donate the 1-carbon units at the oxidation levels of methanol, 
Formaldehyde and formic acid but not CO 2 . The folate is not covalently bound to 
the enzyme and to continue as a catalyst the original folate species must be 
regenerated by other enzymatic species. Folate metabolism thus involves a highly 
dynamic series of interconversions between the various folate forms. Folate-
dependent pathways occur in many areas of metabolism. These include amino acid 
interconversions, e.g. serine—glycine, histidine—glutamic acid and 
homocysteine—methionine, and DNA and uric acid synthesis. 
Deficiency 
Folate deficiency suppresses the activity of the folate-dependent pathways. 
Inhibition of DNA synthesis results in the most obvious abnormality, a macrocytic 
megaloblastic anaemia. Growth is depressed in young birds, pigment is lost from 
the feathers of coloured strains and leg bone abnormalities, sometimes resulting in 
tendon slippage, have been observed. In young turkeys a cervical paralysis has also 
been reported. In adult birds a deficiency depresses hatchability and ultimately egg 
production. Embryonic mortality is especially high just at the end of the incubation 
period and embryos show signs of bone abnormalities, especially bending of the 
tibiotarsus. 
Requirements 
Folate requirements are influenced by several other nutrients. High protein levels 
can increase the folate requirement, presumably to meet the need for increased uric 
acid synthesis. Thus Creek and Vasaitis (1963) found the requirement of chicks to 
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be 0.4mg/kg with 18% protein but 1.5 mg/kg with 37%. Levels of individual amino 
acids, such as methionine, serine and glycine can also influence requirements, 
though quantitative data are limited. Of the vitamins, the interaction with choline 
has been best studied: inadequate choline levels can increase folate requirements 
twofold. 
Experimental evidence on the folate requirements of growing birds has many 
limitations: it comes mainly from studies on old strains of birds fed purified diets 
and growing relatively slowly. The most recent study is that of Wong, Vohra and 
Kratzer (1977) who obtained different results depending upon the protein source 
used. With casein—gelatin the requirement did not appear to exceed 0.27mg/kg, 
with isolated soya protein it did not exceed 0.44 mg. With casein supplemented with 
glycine the authors reported the requirement to be between 0.34 and 0.49mg/kg, 
although analysis of the dose-response relationship suggests that a requirement of 
about 0.7 mg/kg would represent a better interpretation of the data. This value is 
taken as the preferred estimate of requirement on the basis of the existing 
information, but might still be an underestimate of modern broiler requirements. 
In the absence of any new information, the requirement for turkey poults of 
1.5 mg/kg established by ARC (1975) is retained. 
In adult birds there is no new information to use as a basis for revising earlier 
estimates of folate requirements, 0.3 and 0.5mg/kg for laying and breeding 
chickens respectively (ARC, 1975). Experiments on breeding turkeys have shown 
the importance of maternal carry-over of folate to the chick and also the effect of 
dietary choline on folate requirement (Miller and Balloun, 1967). At the 
recommended choline requirement of 1000mg/kg, the suggested folic acid 
requirement for breeding turkeys is 1.2mg/kg. 
CHOLINE 
Biochemical functions 
Choline, or hydroxyethyltrimethylammonium hydroxide, is needed in compara-
tively large amounts by birds but nevertheless may be considered as a vitamin since 
it is an essential dietary constituent in young birds. It is involved in several areas of 
metabolism. It is a constituent of phospholipids, e.g. phosphatidyl choline 
(lecithin), and sphingomyelin, and acetylcholine, a neurotransmitter. Choline is 
also involved in transmethylation since it can be a source of labile methyl groups. 
One such reaction is the combination of methyl groups with homocysteine to form 
methionine. Conversely, methyl groups from methionine can combine with 
ethanolamine to form choline. The participation of folate and cobalamin in an 
alternative methionine synthesis pathway means that nutritional interrelationships 
exist between these vitamins and choline and methionine. 
Deficiency 
In chicks and poults choline deficiency causes poor growth and defects in 
phospholipid metabolism. The latter results in faulty lipid transport and function 
because of the role of phospholipid inter alia in lipoprotein formation. The most 
obvious consequence of this is the development of fatty livers. Hock joint 
deformities, including tendon slippage also occur. 
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Effects of deficiency are seldom seen in older birds since these develop the ability 
o synthesize choline in amounts sufficient even to permit the high level of inclusion 
)f choline in eggs. There is evidence that the extent of this synthesis can be 
nfluenced by dietary supply; thus a bird reared on a high choline diet may show 
:ransient signs of deficiency if it is given a diet low in choline. In laying hens these 
effects include depressed egg production and fatty livers. 
Requirements 
Because of the various metabolic interrelationships, requirements for choline are 
iighest when dietary levels of methionine, folate or cobalamin are low. Choline 
nd methionine are, to an extent, interreplaceable. On a molar basis methionine 
provides one labile methyl group to three from choline. Experimental estimates 
suggest that 1  choline can be replaced by approximately 2.3-2.7g methionine 
(Quillin et al., 1961; Pesti, Harper and Sunde, 1980). However, the limits within 
which one can replace the other are ill-defined. 
In chickens, dietary requirements are highest in young broilers. The requirement 
suggested by ARC (1975) was 1300 mg/kg and subsequent studies by Pesti, Harper 
md Sunde (1980) have not suggested that the requirement of broilers up to 3 weeks 
)f age is higher than this, provided that the dietary content of methionine plus 
ystine is adequate (about 9.5 g/kg). However, the choline requirement rises to 
mbout 2000 mg/kg if dietary methionine plus cysteine is only 7.4 g/kg. The results of 
Derilo and Balnave (1980) are consistent with this conclusion. When responses to 
rnethionine or choline with diets deficient in both these nutrients are compared, it 
ms generally been found that responses to methionine are greater (e.g. Baker et 
l., 1982). The best nutritional philosophy therefore seems to be to supplement 
with methionine to meet the full sulphur amino acid requirement, then to 
supplement with choline to meet the choline requirement. 
As the ability of the broiler to synthesize choline increases, so its dietary 
requirement decreases. Thus Molitoris and Baker (1976) have estimated the 
requirement for growth during the 7th week to be 360 mg/kg with a diet containing 
6.2 g methionine plus cystine/kg. They also found that at this age methionine had a 
minimal effect on choline requirement. 
The most recent estimate of the choline requirement of young turkeys is 
1600mg/kg for growth to 4 weeks (Zaviezo, MacAuliffe and McGinnis, 1977). 
However, there is no information in turkeys on methionine/choline interactions, 
nor the extent to which choline requirement decreases with age. 
In laying hens the relationship with methionine again dominates the question of 
choline requirement. It seems that when the sulphur amino acid content of a diet is 
adequate, the choline requirement for egg production is quite low. Thus March 
(1981) found that supplementing a diet estimated to contain 280 mg choline/kg did 
not improve egg production but did decrease liver fat content from 40 to 30% of dry 
liver weight. The higher liver fat content did not cause pathological effects in this 
experiment, but where excessive liver fat is a problem dietary choline levels of up to 
800-900 mg/kg may be helpful. With diets deficient in sulphur amino acids, 
production responses to higher choline levels (up to 1500 mg total choline/kg) have 
been reported (Tsiagbe, Kang and Sunde, 1982). When responses to methionine 
and choline are compared, it has been found that, whereas responses in egg number 
are quite similar to supplements of either nutrient, responses in egg weight are 
Tblle 3.2 SUMMARY OF METABOLIC ROLES, EFFECTS OF DEFICIENCY AND INTERACTING FACTORS OF VITAMINS 
Vitamin Metabolic roles 
Microscopic 
Effects of deficiency 
Clinical Productive 
Interacting factors 
Vitamin A Visual press, glycoprotein Degeneration of Blindness, white deposits Decreased growth egg Disease, stress, fat, 
synthesis, membranes and kidney, in mouth, oesophagus, production, hatchability, carotenoids 
spermatogenesis hyperkeratosis bone deformities, ataxia, fertility 
pallor 
Vitamin D Calcium and phosphorus Decreased bone Rickets, osteomalacia Decreased growth, egg Calcium, phosphorus 
uptake, transport and calcification production, shell quality, vitamin A, vitamin C, 
retention hatchability rachitogenic agents 
Vitamin E Membrane antioxidant Degeneration of Encephalomalacia, Mortality, depressed egg Selenium, vitamin A 
subcellular membranes, exudative diathesis, production, hatchability, unsaturated fatty acids 
testes, erythrocyte muscular dystrophy carcass storage quality 
fragility 
Vitamin K Protein metabolism, Decreased bone Decreased blood clotting Mortality, poor carcass Disease, stress, 
blood clotting mineralization ability, haemorrhaging, quality anticoagulants, growth 
anaemia promoters, vitamin A 
Thiamin Carbohydrate Lesions in duodenum, Weakness, nervousness, Decreased growth, egg Drugs, thiaminases, 
metabolism, nerve action pancreas spasms, head retraction, production, hatchability stress 
inability to stand, 
nolvneuritis 
Riboflavin Oxidation of lipids, Inflammation of mucous Dermatitis, curled toe Decreased growth,egg Minerals? 
carbohydrates, amino membranes, nerve paralysis, clubbed down production, hatchability 
acids degeneration 
Nicotinic acid Hydrogen transfer, Dermatitis, leg bone Depressed growth, egg Tryptophan 
energy metabolism abnormalities, production, hatchability 
inflammation 
Pantothenic acid Coenzyme A, acyl carrier Myelin degeneration, Dermatitis, locomotor depressed nutrient Disease, stress 
protein lymphocyte necrosis, fatty disorders, ataxia, leg retention, growth egg 
degeneration of liver, bone abnormalities production, hatchability, 
hyper- and parakeratosis fertility 
Pyridoxine Amino acid metabolism Microcytic anaemia Nervous disorders, leg Depressed growth, body Dietary protein, sulphur 
bone abnormalities, fat deposition, egg amino acids 
gizzard erosion, dermal production, hatchability 
lesions, ataxia 
Biotin Gluconeogenesis, Hyperkeratosis, fatty Dermatitis, leg bone Depressed growth, Dietary fat, protein 
lipogenesis infiltration of tissues abnormalities, fatty liver hatchability, mortality 
and kidney syndrome 
Cobalamin Hydrogen and methyl Macrocytic anaemia Fatty infiltration Depressed growth, Methionine, choline, folic 
group transfer hatchability acid, pantothenic acid 
Folic acid 1-carbon metabolism Macrocytic anaemia, Leg bone abnormalities Depressed growth, egg Methionine, cobalamin 
hepatocyte abnormalities production, hatchability, choline 
loss of feather colour 
Choline Phospholipids, methyl Fatty liver, leg bone Depressed growth, egg Methionine, folic acid, 
group metabolism, acetyl abnormalities production cobalamin 
choline 
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greater for methionine (Keshavarz and Austic, 1985). As in the chick, it is 
therefore productively more effective to formulate a layer's diet to contain 
adequate amounts of sulphur amino acids. Under these conditions choline 
requirements are low, probably not more than 300 mg/kg. 
There are few adequate data on which to base a requirement for breeding birds. 
Nesheim et al. (1971) found no benefit in egg production, fertility or hatchability 
from supplementing a purified diet containing 250 mg choline/kg, though weight 
gain of the hens was improved. Numbers of eggs involved were not large, but 
measurements of the choline contents of the eggs showed that supplementation of 
the diet resulted in only a marginal increase. There is thus little reason to suspect 
that low dietary choline contents might impair hatchability by depressing the 
amount of choline in the egg. The requirements of breeding birds are therefore not 
thought to differ from those of laying hens. In breeding turkeys Balloun and Miller 
(1964) found that 1000 mg/kg was adequate for egg production and hatchability and 
growth and viability of poults. Subsequently, Ferguson et al. (1975) reported that 
supplementing a practical diet containing 1230mg/kg did not improve egg 
production, fertility or hatchability. The requirement value of 1000mg/kg thus 
seems satisfactory. 
Choline chloride (70% choline) is the supplemental form of choline usually 
added to diets. It is deliquescent and though usually absorbed on a carrier such as 
silica it can depress the stability of other vitamins if feeds or premixes are stored 
under adverse conditions of temperature or humidity. Betaine is a less aggressive 
compound and can replace choline in the metabolic pathway involving the 
conversion of homocysteine to methionine (choline itself is first converted to 
betaine before participating in this reaction). Betaine can therefore be used to meet 
part of the choline requirement where a choline supplement is necessary. 
Quantitative information on extent of replacement is limited, but it would seem to 
be safe to provide at least 10% of the total choline requirement as betaine. Tables 
4.2, 4.3 and 4.4 summarize the effects of deficiency and the vitamin requirements in 
chickens and turkeys. 
Table 4.3 VITAMIN REQUIREMENTS OF CHICKENS (PER kg DIET) 
Broiler 	Broiler 	Chick 	Chick 	Laying 	Breeding 
starter finisher' Starter grower' hen hen 
Vitamin A (IU) 1400 1400 1300 1300 3600 3600 
Vitamin D3 (ICU) 400 400 200 200 400 400 
Vitamin E (mg 	-tocopheroI) 10 10 10 5 10 10 
Vitamin K (mg MSB) 0.4 0.4 0.4 0.4 0.7 0.7 
Thiamin (mg) 1.5 1.5 1.2 0.5 0.7 0.7 
Riboflavin (mg) 5 4 3 2 2.5 4 
Nicotinic acid (mg) 70 45 30 20 8 10 
Pantothenic acid (mg) 12 10 10 6 7 10 
Pyridoxine (mg) 4 3 3 2 2 4 
Biotin(sg) 180 120 120 30 30 100 
Cyanocobalamin (.Lg) 12 10 12 5 12 15 
Folic acid (mg) 0.7 0.5 0.5 0.3 0.3 0.5 
Choline (mg) 1300 1000 1000 300 300 300 
Estimated values 
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Table 4.4 VITAMIN REQUIREMENTS OF TURKEYS (PER kg DIET) 
0-8 weeks 9-16 weeks Beyond 
16 weeks 
Breeding hen 
Vitamin A (LU) 2000 2000 2000 3500 
Vitamin D 3 (ICU) 1200 900 900 2000 
Vitamin E (mg a-tocopherol) 10 10 10 ioa 
Vitamin K (mg MSB) 1 1 1 1 
Thiamin (mg) 2 2 2 2 
Riboflavin (mg) 4 3 3 4 
Nicotinic acid (mg) 70 50 40 30 
Pantothenic acid (mg) 12 10 9 16 
Pyridoxine (mg) 6 4 3 
4 
Biotin (gig) 250 150 100 170 
Cyanocobalamin (Vg) 15 5 5 15 
Folic acid (mg) 1.5 0.8 0.7 1.2 
Choline(mg) 1600 1300 1000 1000 
Estimated values 
Vitamin contents and bioavailabilities in feed ingredients 
The natural vitamin content of feed ingredients can make an important 
contribution towards the needs of poultry, particularly for B-vitamins. Ingredient 
vitamin contents are quoted in many tables but, before these can be taken into 
account in feed formulation, three important factors need to be known about them: 
accuracy, variability and bioavailability. 
Sophisticated methods of assay, such as immunosorbent assay, have now been 
developed for some vitamins. However, it is probable that values quoted in most 
tables have been obtained using more traditional methods such as microbiological 
assay. Though these methods are accurate for some vitamins, for others (e.g. folic 
acid) this may not be the case. Tables usually only quote single values for each 
vitamin, whereas analytical surveys can show quite wide variations between 
different samples of the same ingredient. Whilst some of this variation will be 
attributable to analytical error, it is undoubtedly true that individual vitamin 
contents of ingredients do vary. In setting diet standards, therefore, some account 
must be taken of the likelihood and extent to which individual batches of a feedstuff 
will have a vitamin content lower than the table average value. 
For some vitamins analytically-determined amounts are not fully available to 
poultry. Good information on bioavailability is available for biotin but for other 
vitamins where bioavailability is also thought to be limited, information is still 
scant. Biological assays with birds are ultimately the best measures of vitamin 
contents. However, these are time-consuming and expensive and do not form the 
basis for most of the information available on ingredient contents. 
VITAMIN A 
Retinol can be measured in mixed feeds by chemical methods. Measurement of 
13-carotene and other carotenoids is more relevant for feed ingredients, though 
amounts of these are low in relation to the usual retinol supplements. 
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VITAMIN E 
Measurements of vitamin E content of feedstuffs are only relevant if they are based 
on chromatographic methods that quantify -tocopherol. 
THIAMIN 
Chemical and microbiological assay methods can give comparable results. Thiamin 
in feedstuffs is thought to be fully available but the presence of antagonists and 
antithiamin compounds in feeds may mean that feed analyses do not give a true 
indication of the thiamin status of feeds. 
RIBOFLAVIN 
Information on the riboflavin contents of feedstuffs can be reliably gained by 
microbiological or chemical assays. The vitamin is thought to be fully available. 
NICOTINIC ACID 
This vitamin can be measured microbiologically. It is present as its amide in 
feedstuffs of animal origin and is thought to be fully available in these. However, in 
cereals a large proportion of nicotinic acid is bound with cellulose and other 
carbohydrate or proteinaceous macromolecules and is unavailable. Bioavailabili-
ties of 30-35% have been quoted in chickens and rats for wheat, sorghum and 
maize (Manoukas, Ringrose and Teerie, 1968; Carter and Carpenter, 1980). In 
contrast, nicotinic acid in soyabean meal is thought to be fully available, but there is 
no information for other oilseed meals. Measurements of bioavailability are 
complicated by the ability of chicks to synthesize the vitamin from tryptophan. The 
accuracy of the limited data on bioavailability must therefore be regarded as 
uncertain. 
PANTOTHENIC ACID 
Methods for the most efficient release of this vitamin from feedstuffs seem to vary 
from one ingredient to another and this may explain the rather wide variation in 
values reported for this vitamin, whether measured microbiologically or by 
immunoassay. Chick bioassays have been used to give information on the available 
pantothenic acid contents of feedstuffs but the results have sometimes been 
inconsistent with microbiologically-determined values (Latymer and Coates, 1982). 
In view of the uncertainties over bioavailability and reaction conditions for the 
release of pantothenic acid in assays, the nutritional relevance of values quoted in 
tables may be doubtful. 
PYRIDOXINE 
Reproducible results for feedstuffs can be obtained by microbiological assay or 
HPLC quantification of the three active forms. Bioavailability is assumed to be 
high. 
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BIOTIN 
Tabular values are based upon microbiological assays which have been shown to 
give accurate and reproducible results. Bioavailability is a major problem with this 
vitamin, but a consistent picture for individual feedstuffs has emerged from chick 
bioassays based on responses of growth (Frigg, 1976; 1984) and blood pyruvate 
carboxylase (Whitehead, Armstrong and Waddington, 1982). Bioavailability in 
wheat is particularly low (5%) and is also low in barley (15%), oats (30%) and 
sorghum (25%). However biotin is fully available in maize. In the protein sources, 
it seems to be fully available in animal proteins and soyabean meal. Availability is 
depressed in other oilseed meals, but since these contain very high levels of the 
vitamin, they still remain good sources of available biotin. 
FOLIC ACID 
There is considerable uncertainty over the nutritional values of feedstuffs in 
relation to this vitamin. One reason is the wide range of folate derivates found in 
feedstuffs. Separation and identification of individual folates, both mono- and 
polyglutamates, can be achieved with HPLC but the methodology is not yet 
adapted to feedstuff analysis. Another chemical method involves isotope dilution 
using a binding protein. 
Traditionally folate analyses have been carried out microbiologically. Micro-
organisms such as Lactobacillus casei respond to folate monoglutamates but not to 
polyglutamates. Thus a microbiological assay of a feedstuff buffer extract gives a 
measure of 'free folate', whereas an assay after enzyme treatment of the extract to 
degrade polyglutamates to monoglutamates measures 'total folate'. However, 
recent doubt has been cast on the validity of the usual analytical procedures by the 
finding that the response of L. casei to different monoglutamate forms is not 
uniform and that the pH of the reaction medium can influence results. 
Bioavailability of folates is uncertain. Measurements of 'free folate' are likely to 
underestimate the nutritional value of feedstuffs since poultry have digestive 
enzymes capable of degrading polyglutamates (folic acid can only be absorbed as 
the monoglutamate). The efficiency of this degradation is unknown, but it is 
probable that 'total folate' measurements will overestimate nutritional values. 
Animal bioassays have been described but have not been particularly sensitive. 
Tabular values may thus not give reliable indications of the nutritional folate 
content of feedstuffs. 
COBALAMIN 
Microbiological and isotope dilution methods have been used to measure this 
vitamin but there are large variations in the values reported in feedstuffs. It is 
uncertain whether this represents analytical error or natural variation. Chick 
bioassays are complicated by the ability of the hen to pass on reserves to chicks. 
CHOLINE 
Choline has been measured by several chemical and microbiological methods. It is 
generally assumed to be largely available. Results from chick bioassays are not 
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Table 4.5 ASSESSMENT OF THE CURRENT 
STATE OF KNOWLEDGE ON AVAILABLE 
VITAMIN CONTENTS OF FEEDSTUFFS 
Good Moderate Poor 
Vitamin E Thiamin Nicotinic acid 
Riboflavin Pyridoxine Pantothenic acid 
Biotin Choline Folic acid 
Cobalamin 
thought to be very meaningful because of the interaction of methionine and choline 
in choline-limiting diets. 
The quality of the current information available on feed ingredient vitamin 
contents is summarized in Table 4.5. A matrix of raw material vitamin contents is 
presented in Table 4.6. 
Natural vitamin contents of mixed feeds 
The calculated natural available vitamin contents of practical and hypothetical 
formulations that might be used in different parts of the world for different classes 
of poultry are given in Tables 4.7 to 4.10. The formulations list the major 
vitamin-containing ingredients; they are not intended to be isoenergetic or 
isonitrogenous and supplements of fat, amino acids, minerals and other additives 
have been omitted. The calculated vitamin contents represent probable safe 
minimum levels rather than average contents, but must be interpreted in the light 
of uncertainties described earlier. 
Vitamin contents of broiler prestarter and starter diets are shown in Table 4.7 
and can be compared with requirements listed in Table 4.3. There are several 
noteworthy features. The contents of several vitamins stay remarkably constant 
over the range of formulations, especially vitamin E, thiamin and riboflavin. 
However, whereas thiamin is always above the requirement value, riboflavin is 
consistently below. Nicotinic acid is also generally consistently low, and well below 
the requirement, though it is higher in those diets that contain sunflower seed meal. 
This ingredient has a high content of nicotinic acid, although bioavailability has not 
been established. Pyridoxine level generally meets the requirement except for diets 
based mainly on wheat. Biotin contents are highly variable, but always below the 
requirement. The levels are particularly low when diets contain high proportions of 
wheat or animal proteins. Cassava is also a poor source of biotin and most other 
vitamins. Cobalamin, of course, is totally lacking in all-vegetable diets, but does 
not meet the requirement in any of the other diets. Folic acid values should be 
treated with caution. Choline contents vary about the requirement: they meet the 
requirement in diets that contain high proportions of wheat or protein provided by 
low-protein oilseed meals (e.g. sunflower, rape). It is perhaps interesting to 
observe that practical formulations based on a wide range of ingredients can be 
little different in vitamin contents from diets of simpler composition. 
Broiler grower and finisher diets (Table 4.8) contain generally lower levels of 
most vitamins. Biotin and pyridoxine remain as two of the most variable vitamins. 


























Barley 6 4 1 42 	14 5 2 130 20 0.2 0 900 
Maize 7 4 1 15 5 4 6 65 65 0.2 0 435 
Maize gluten 20 1.9 2 15 	5 13 8 160 160 0.5 0 250 
Oats 7 6 1 12 4 10 1 220 65 0.2 0 800 
Sorghum 5 4 1 40 	13 8 3 250 65 0.2 0 600 
Wheat 7 4 1 36 12 8 0.8 80 4 0.2 0 900 
Wheatfeed 35 15 2 90 	30 13 10 300 15 0.8 0 950 
Cassava 0 1 0.5 10 15 1 50 1 0 450 
Peas 0 1.8 0.8 17 7 1.5 140 NA 0.3 0 650 
Cottonseed meal 15 6 4 35 9 5 230 NA 0.8 0 2600 
Rapeseed meal 15 2 3 160 9 6 900 500 2 0 6500 
Soyabean meat 2 6 2 18 	18 12 6 235 235 2 0 2500 
Sunflower seed meal 8 2 3 176 30 10 1000 280 1.5 0 2600 
Fish meal 4 2 5 33 	33 7 3 100 100 0.2 88 3500 
Herring meal 5 0.4 5 105 105 15 3 130 130 0.2 88 3500 
Meat and bone meat 1 0.5 4 44 	44 3 2 75 75 1 40 1600 
Lucerne 100 3.4 13 20 25 6 540 400 4.2 0 250 
a Values represent conservative estimates for feed formulation purposes (i.e. are biased towards the lower end of reported ranges). For nicotinic acid and biotin, 
the A values are total contents and the B values are estimated bioavailable contents. For other vitamins bioavailability is assumed to be high 
Th!bfle 4.7 NATURAL AVAILABLE VITAMIN CONTENTS OF BROILER PRESTARTER AND STARTER DIETS 
Wheat-based 	 Maize-based 	 Mixed 
Main ingredients (g/kg) 
Maize 500 490 460 600 420 300 480 100 
Wheat 500 600 120 70 150 100 
Cassava 100 250 
Rapeseed meal 50 
Soyabean meal 400 150 400 300 300 150 260 220 230 300 
Sunflower seed meal 50 50 40 
Peas 50 50 
Meat and bone meal 50 50 60 50 50 
Fish meal 100 60 50 100 20 40 40 50 
Vitamins (mg/kg) 
Vitamin A(IU) 0 0 1250 1220 1150 1500 1050 750 1200 250 
Vitamin  4 5 4 4 5 5 4 3 5 2 
Thiamin 4 3 4 4 4 3.2 3.6 3 3.7 3 
Riboflavin 1.5 1.7 1.5 1.5 1.5 1.7 1.6 1.5 1.4 1.3 
Nicotinic acid 13 14 10 18 26 11 12 17 9 12 
Pantothenic acid 9 7 7 7 7 5 6 7 6 11 
Pyridoxine 3 2 5.5 5.4 5.5 4.5 4.5 4 4 3 
Biotin(tg) 96 52 130 122 139 90 103 90 90 93 
Cobalamin (pg) 0 11 0 5 4 11 4 5 3 5.7 
Folic acid 0.9 0.4 0.9 0.5 0.6 0.4 0.7 0.7 0.6 0.7 
Choline 1450 1350 1210 1300 1580 1070 1139 1115 1060 1280 
Table 4.8 NATURAL AVAILABLE VITAMIN CONTENTS OF BROILER GROWER AND FINISHER DIETS 
Wheat-based 	 Maize-based 	 Mixed 
Main ingredients (g/kg) 
Maize 600 640 360 550 550 
Wheat 650 690 150 180 
Cassava 100 
Peas 150 
Soyabean meal 250 100 300 150 120 180 240 
Sunflower seed meal 30 
Rapeseed meal 50 
Meat and bone meal 50 50 60 
Fish meal 60 60 30 40 
Vitamins (mg/kg) 
Vitamin A(IU) 0 0 1500 1600 875 1375 1450 
Vitamin  4 4 5 5 4 5 5 
Thiamin 3.7 3 4 3.4 2.6 3.7 4 
Riboflavin 1.5 1.5 1.4 1.5 1.3 1.4 1.3 
Nicotinic acid 12 14 8 11 19 9 9 
Pantothenic acid 8.6 7.6 6 6 7 6 7 
Pyridoxine 2 1.5 5.6 5.5 4 4.5 5 
Biotin(sg) 60 36 110 88 113 82 95 
Cobalamin (sg) 0 8 0 8 5 3 0 
Folic acid 0.6 0.3 0.7 0.4 0.5 0.5 0.6 
Choline 1210 1160 1010 950 1210 970 1000 
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The composition of some layers and breeder diets are given in Table 4.9. 
Features of interest are again the universally low riboflavin levels and the low 
pyridoxine contents of wheat-based diets. The use of lucerne as a source of yolk 
pigment has the added advantage of providing considerable amounts of vitamins A 
and E. When compared to requirements (Table 4.3), the dietary levels show that 
wheat-based diets can be severely deficient in riboflavin and marginal or deficient 
in pantothenic acid, pyridoxine, cobalamin and folic acid. The same is broadly true 
of maized-based diets, with the exception that pyridoxine does not seem to be 
limiting. For chicken and turkey breeders, the diets are generally deficient in all 
B-vitamins except thiamin and choline. 
When turkey starter diets (Table 4.10) are compared with requirements (Table 
4.4), it can be seen that all the formulations presented are deficient in all vitamins 
save thiamin (adequate) and choline (marginal). 
Vitamin supplementation of practical diets 
The requirements discussed in the earlier section represented the minimum 
amounts of each vitamin, as a proportion of the diet, that were judged to be needed 
to meet the most desirable characteristic of performance or metabolism. The 
allowance, on the other hand, is the actual amount of the vitamin it is thought 
necessary to provide in the diet. This is influenced by several factors, such as (a) the 
degree of uncertainty over the requirement, (b) interactions involving stress, 
disease, environment and other nutrients, including vitamins, and (c) the 
advisability of providing a margin of insurance. 
IMMUNITY, DISEASE AND STRESS 
It is a general characteristic that a deficiency of most vitamins, and also of other 
nutrients, lowers the disease resistance of birds. This is presumably because of 
specific metabolic impediments suppressing the synthesis of immunoglobulins and 
other factors involved in the immune system. This problem is normally solved by 
providing enough of the vitamin to meet the normal requirement. The point of 
interest to nutritionists is the extent to which it might be possible to further enhance 
the immune potential of the bird by providing vitamins in amounts higher than the 
normal requirement. So far this ability has only been demonstrated convincingly in 
the cases of vitamins A and E. However, the levels found to give some protection 
against E. coli infection have been so high, 600001U vitamin A/kg or 300mg 
vitamin E/kg, as to be well beyond the normal commercial ranges (though 100 mg 
vitamin E/kg have been reported to give some protection against coccidiosis). 
Effects of high levels of both vitamins show no signs of synergism (indeed, there is 
antagonism). 
The question of whether to provide additional vitamins to enhance immunity will 
depend upon the cost of the vitamins, the levels and types of intercurrent diseases 
encountered, and the types of drugs used in the feed. For instance, the use of 
antibacterial growth promoters might give adequate, or better, protection against 
bacterial infections. However, birds fed an 'additive free' diet might benefit from 
vitamin-induced protection. The choice of vitamin might also depend upon the type 
of disease. For instance parasitic infections increase the need for vitamin A because 
Table 4.9 NATURAL AVAILABLE VITAMIN CONTENTS OF LAYER AND BREEDER DIETS 
Wheat-based Maize-based Mixed 
Main ingredients (g/kg) 
Maize 680 600 735 390 570 250 
Maize gluten 20 250 
Wheat 720 705 200 100 
Cassava 200 
Peas 40 
Soyabean meal 180 50 220 200 80 60 130 200 
Sunflower seed meal 50 100 100 
Meat and bone meal 70 60 50 30 
Fish meal 25 25 20 20 
Lucerne 40 50 
Vitamins (mg/kg) 
Vitamin A(IU) 0 0 1700 1500 1800 8100 10400 700 
Vitamin E 5 5 5 5 5 9 10 4 
Thiamin 3.7 3.2 3.8 3.8 3.2 3 3.5 3 
Riboflavin 1.2 1.1 1.2 1.3 1.3 1.9 1.9 1.4 
Nicotinic acid 12 21 7.5 24 8 26 9 10 
Pantothenic acid 8 8 5.6 8 4 8.7 6 10 
Pyridoxine 1.7 1.5 5.6 5.8 4.9 4.4 4.8 5 
Biotin(ig) 45 33 96 114 75 95 92 103 
Cobalamin (rig) 0 9 0 0 9 4 3 0 
Folic acid 0.4 0.4 0.6 0.6 0.3 0.5 0.6 0.6 
Choline 1100 955 845 1020 700 980 830 761 
NATURAL AVAILABLE VITAMIN CONTENTS OF TURKEY PRESTARTER AND STARTER DIETS 
Wheat-based 	 Maize-based 	 Mixed 
Main ingredients (g/kg) 
Maize 430 420 380 150 160 120 
Wheat 420 440 240 360 
Cassava 150 
Peas 100 40 50 
Soyabean meal 400 260 350 280 350 280 420 320 
Sunflower seed meal 50 50 
Meat and bone meal 50 100 100 50 80 70 
Fish meal 30 100 120 100 120 120 20 10 
Vitamins (mg/kg) 
Vitamin A (III) 0 0 1075 1050 950 375 400 300 
Vitamin E 4 4 4 4 5 2.5 3.6 4 
Thiamin 3.7 3.2 4 3.6 4 3 3.8 3.5 
Riboflavin 1.9 1.8 2 1.4 1.8 1.8 2 1.7 
Nicotinic acid 16 18 12 15 21 24 16 15 
Pantothenic acid 9.5 8 7 6 8 9 8.6 8 
Pyridoxine 3 2.6 5 4 5 3.8 4 3.3 
Biotin(sg) 104 80 123 105 108 122 125 98 
Cobalamin (Vg) 5 12 10 12 10 12 5 3 
Folic acid 0.9 0.7 0.8 0.7 0.8 0.7 1 0.8 
Choline 1560 1550 1490 1210 1590 1530 1560 1355 
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of its role in epithelial tissues, though the need for this extra protection in the case 
of coccidiosis might be constrained by the regular use of specific anticoccidials. 
Where only a general immune enhancement is desired, the choice of vitamin might 
be influenced by secondary factors, e.g. high levels of vitamin E enhance stability 
and keeping quality of poultry meat. 
Vitamin needs are also influenced by stress, whether induced by disease or 
environment. The particular vitamins involved can depend upon the type of disease 
or stress: vitamin A in the case of coccidial infection, as indicated earlier; some 
13-vitamins, particularly biotin, for mycoplasma infection in turkeys; pantothenic 
acid for adrenal function; vitamin C to counter metabolic changes, including 
immunosuppression, in heat stress. Vitamin E and thiamin have also been 
implicated in stress. Additional vitamin E has also been reported to be beneficial in 
malabsorption syndrome, but it is probable that the response was to the addition of 
one of the more limiting nutrients, rather than being an indication of a specific 
interaction of the syndrome with this vitamin. 
Unfortunately there are few detailed dose-response data to indicate the 
quantitative effect of stress on vitamin needs. Where the stress causes a decrease in 
feed intake, the allowance for all vitamins should be increased at least in proportion 
to the depression in consumption. This is because vitamins are needed for the 
continuation of metabolic processes even in the absence of feeding. 
NUTRITIONAL INTERACTIONS 
Specific nutritional interactions involving individual vitamins have been discussed 
already. Among the fat-soluble vitamins, high dietary levels of vitamin A have 
been shown to depress the absorption or retention of the others. It is important 
therefore to ensure an appropriate balance between these vitamins. Results of 
Frigg and Broz (1984) suggest that when dietary vitamin A is increased five-fold 
(from 100001U/kg to 50000IUIkg), dietary vitamin E needs to be increased 
three-fold to maintain the same plasma vitamin E level. This quantitative 
relationship is broadly consistent with a more elaborate equation recently proposed 
by Weiser et al. (1988) to relate dietary levels of the two vitamins. 
Interactions also occur amongst the B-vitamins. Specific interactions have 
already been described but there are others for which there are no biochemical 
explanations. For instance, biotin status can be depressed by high dietary levels of 
choline or combinations of other B-vitamins. Quantitative data are not available 
for these interrelationships. Nevertheless, the importance of maintaining an 
appropriate metabolic balance between vitamins has been established. The 
practical consequence of this is that a diet should not be generously fortified with 
some vitamins whilst others are left at only marginal levels. 
REPRODUCTION 
An important consideration in the nutrition of breeding hens is the need to provide 
an adequate carry over a vitamin into the egg and hatching chick. The benefits of 
- this in terms of the health and viability of young chicks have been demonstrated for 
many vitamins. These responses may be obtained with dietary levels above those 
needed to maximize hatchability. Since this criterion has been used most frequently 
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to establish the requirement, it is advisable to provide an extra allowance in 
breeder diets to enhance carry-over to the chick. The amount of a vitamin 
incorporated into the egg depends upon the dietary level, but there is a limit. This 
arises because many vitamins are transported into the yolk attached to specific 
binding proteins. Incorporation of the vitamins in the egg can therefore be limited 
by the amount of binding protein produced by the bird, rather than the amount of 
vitamin available from the diet. For instance, saturation of plasma riboflavin-
binding protein occurs with a dietary level of about 10mg riboflavin/kg, giving a 
yolk concentration of about 4.5 tg/g. This yolk concentration is increased very little 
by even substantially higher dietary levels. It is thus likely that genetic factors 
affecting the production of vitamin-binding proteins can influence vitamin 
carry-over in hens. 
Age effects can also influence vitamin carry-over. In both chickens and turkeys it 
has been shown that the concentration of biotin incorporated into the yolk at a 
given dietary level increases with age. In consequence, chicks from young breeder 
flocks can hatch with relatively poorer biotin status. To ensure adequate viability in 
these chicks it is therefore necessary to provide a larger biotin allowance for the 
parents when younger. In contrast, turkey egg concentrations of pyridoxine, folic 
acid and cobalamin have been found to decrease with maternal age. There may 
therefore be a case for providing higher allowances of these vitamins for 'old' hens. 
INDIVIDUAL VITAMINS 
Vitamin A 
The practical allowance for this vitamin is usually considerably higher than the 
minimum requirement. This is partially in recognition of the protective effect of the 
vitamin against disease and stress. However, the supplemental levels fed in the UK 
are often very high (about 13000 lU/kg for a broiler starter diet) compared with the 
minimum requirement (1300 lU/kg) or with levels used in other parts of the world, 
e.g. 9000-100001U/kg (including contribution from 13-carotene in maize-based 
diets) in North America. The reason for this disparity in commercial practice is not 
obvious. A large body of commercial data is needed before a more objective 
assessment of vitamin A allowances can be made on the basis of a cost-benefit 
analysis. 
Vitamin D 
As discussed earlier, vitamin D 3 requirements are increased if dietary calcium and 
phosphorus levels are not optimum. Since levels of these other nutrients may vary 
in feeds, it is sensible to provide a generous allowance for vitamin D 3 . However, in 
spite of very high dietary levels of D 3  (4000-5000 ICU/kg) and satisfactory levels of 
calcium and phosphorus, rickets is still seen as a field problem in young broilers and 
turkeys. Recent studies suggest this problem may be related to impaired vitamin D 
metabolism in the bird rather than to inadequate nutrition (Bar et al., 1987). The 
factor responsible for this problem has not yet been identified and there is no 
information on whether it can be overcome by feeding a vitamin D 3 metabolite. 
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Until more information becomes available on this problem it is probably justifiable 
to continue feeding high levels of the vitamin. This procedure has the added benefit 
of helping to counter the possible effects of some mycotoxins in the feed. 
Vitamin £ 
There are several factors to be considered when setting practical allowances for this 
vitamin. Polyunsaturated fat content of the diet is one of these. Whilst vitamin E is 
a natural constituent of fats and oils, the amounts can diminish with processing and 
storage. In practice it is prudent to assume little contribution from supplemental fat 
and to provide 10 mg vitamin E/10 g supplemental PUFA as an addition above the 
requirement. Thus for a diet containing 20g added PUFAIkg, 30 mg vitamin E 
should be adequate for normal health and growth. 
Somewhat higher levels are needed to maximize the stability of broiler meat after 
processing. Marusich etal. (1975) suggested that the addition of 40 mg vitamin E/kg 
of diet of relatively low PUFA content was needed for optimum stability. Turkeys 
are less efficient at incorporating vitamin E into tissues and the corresponding 
dietary vitamin E value was 200mg/kg for the last 4 weeks prior to slaughter. If 
diets contained added PUFA, higher levels of vitamin E would be needed to 
maintain equivalent meat stability (up to 100 mg vitamin E/kg with 50 g PUFA/kg in 
broilers). 
There has been some indication from field observations that higher vitamin E 
levels for breeder hens can bring about an improvement in immune status that is 
passed on to progeny and reflected in lower chick mortality. 
Riboflavin 
There have been sporadic reports over the last few years in the UK of apparent 
riboflavin deficiency in broiler breeder flocks. Hatchability has been depressed and 
clubbed down, curled toes and nerve lesions have been seen in embryos and 
hatching chicks. However, chemical analyses of diets, eggs and hatching chick 
plasma have not indicated a lack of riboflavin. If a functional riboflavin deficiency 
is nevertheless involved, it is possible that it is caused by some factor, a disease or 
other agent, blocking a specific area of riboflavin metabolism. Until more 
information is acquired on this problem, it might be prudent to feed sufficient 
riboflavin to ensure maximum incorporation of the vitamin in the egg. 
Vitamin C 
Ascorbic acid (AA) is needed for normal metabolic function in birds but it can be 
synthesized by them. There is no compelling evidence that this synthesis is 
inadequate to meet the needs of the bird under normal conditions and AA is thus 
not routinely added to poultry diets. Nevertheless, research is finding new areas of 
metabolism that involve AA, such as vitamin D 3 hydroxylation, and a nutritional 
benefit may yet be shown. 
In contrast, the nutritional role of AA under conditions of stress is well 
established. The relatively high concentrations of AA in the adrenal are rapidly 
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depleted during stress and adrenocortical insufficiency leads to many of the 
metabolic problems associated with heat and other stresses, such as corticosteroid 
hormone imbalance, immunosuppression and mortality. Inclusion of AA in the 
diet of heat stressed birds has been shown to limit these abnormalities (Pardue, 
Thaxton and Brake, 1985). There are various reports that adding AA to diets a rate 
of 200, 400mg/kg or higher has decreased mortality and improved growth, egg 
production and eggshell quality in heat stressed poultry. 
SUPPLEMENTS FOR PRACTICAL DIETS 
The amount of a vitamin added to a diet as a supplement is dependent upon several 
factors. Firstly, there is the allowance it is thought desirable for the bird to receive. 
From this may be subtracted the amount of available vitamin thought to be 
naturally present in the feed. However, a proportion may be added to take into 
account any losses that may occur during feed processing and storage. This is a 
complex matter because vitamin stability depends upon the degree of protection 
provided by the individual vitamin product or premix and the nature and severity of 
the feed mixing and storage conditions. It is therefore not possible to give 
individual values for stabilities of vitamins. Suffice it to say that manufacturers of 
vitamins and vitamin premixes continue to bring out new products for which 
superior stabilities are claimed. Finally, a vitamin supplement may contain a 
margin for insurance, to guard against error in any of the earlier judgements. 
The natural vitamin contents of practical diets can vary quite considerably 
depending on the individual feed ingredients and their levels, as has been shown in 
Tables 4.7 to 4.10. It is therefore not possible to give a supplement formulation for 
each type of diet that is optimal under all conditions. Ideally, a vitamin supplement 
should perhaps be formulated for the specific diet to which it is to be added, but this 
has the practical disadvantage that supplement formulations would have to change 
with changes in ingredient contents in least cost formulations. A more realistic 
approach is to consider the range of ingredient levels regularly used for a particular 
type of diet and to use the minimum natural level of each vitamin contained over 
this range as the basis for calculating the appropriate supplemental level. 
Broiler and broiler breeder diets 
Supplements for broiler diets are given in Table 4.11. These have been divided into 
two broad categories, namely supplements for diets based mainly on wheat or 
maize since these represent the two most common types on a worldwide basis. 
However, there may be many local variations, in the contents of cereals and other 
ingredients, so these supplements should be taken as guidelines only. For 
starter/grower diets (0-4 weeks) based on wheat, a supplemental level for vitamin 
A of 100001U/kg is suggested as a minimum, though higher levels are often 
provided in the belief that they give extra insurance against stress and disease. 
Vitamin E at 30mg/kg should be adequate for most diets, but higher levels might be 
appropriate if diets contain very high levels of PUFA or if keeping quality of meat 
is a particular criterion. The high level of vitamin K in relation to the requirement is 
mainly to guard against processing and storage losses. On the basis of calculated 
feed contents it would not seem necessary to add thiamin as a supplement, though 
Table 4.11 SUPPLEMENTAL VITAMIN LEVELS FOR BROILER AND BROILER BREEDER DIETS 
Bird type 	 Broiler 	 Broiler breeder 
Diet type 	 Starter/grower 	Finisher 	 Chick 	 Grower 	 Prebreeder 	Breeding hen 
rn_IQ 	 (')Q 	 (1) 	 (11 	 l7_' 	 (In 	 L-1  
Cereal base 	 Wheat Maize 	Wheat Maize 	 Wheat Maize 	Wheat Maize 	Wheat Maize 	Wheat Maize 
Vitamin (mg/kg) 
Vitamin A(IU) 10000 9000 10000 9000 8000 7000 8000 7000 8000 7000 12000 11000 
Vitamin D 3 (ICU) 5000 5000 5000 5000 3000 3000 3000 3000 3000 3000 3000 3000 
Vitamin  30 30 30 30 10 10 10 10 15 15 30 30 
Vitamin K" 3 3 3 3 2 2 2 2 2 2 3 3 
Thiamin - - - - - - - - - - - - 
Riboflavin 6 6 5 5 3 3 3 3 8 8 12 12 
Nicotinic acid 60 65 30 35 20 25 10 15 10 15 12 17 
Pantothenic acid 12 14 10 12 5 7 3 5 5 10 12 15 
Pyridoxine 3 1 2 1 3 1 2 - 4 I 6 3 
Biotin(sg) 180 60t 100 20' 80 30 - - 100 70 200' 150" 
Cyanocobalamin(tg) 12 12 10 10 10 10 - - 10 10 15 15 
Folic acid 1.5 1.5 1 1 0.5 0.5 - - 1 1 2 2 
Choline 250 450 - 100 - 200 - - - - - 200 
As MSB 
h  For maize/soyabean diet should be higher if diet contains animal proteins 
"Can be decreased by 50 sg/kg after 34 weeks 
—.1 
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small amounts (1-2 mg/kg) are often added for insurance. A biotin supplement of 
180 tg/kg should in general be adequate but larger amounts might be needed if the 
diet contains a high proportion of animal protein (especially meat and bone meal) 
or if FLKS occurs. A generous folic acid supplement seems prudent in view of 
uncertainties over requirements and feed contents. 
Some modifications are apparent in supplements for maize-based diets. Vitamin 
A can be lowered to take account of the carotenoid content of maize. However, 
nicotinic acid and choline should be increased above the levels added to 
wheat-based diets, although this would not be necessary if the diet contained high 
proportions of oilseed meals especially rich in these vitamins (e.g. sunflower, rape). 
The biotin supplement of 60 [tg/kg is appropriate for maize-based diets where the 
protein is provided mainly by oilseed meals; where protein is provided mainly by 
animal proteins, 100-120 tg/kg might be a safer supplemental level. 
The vitamin specifications for broiler finisher diets are usually lower than for 
starter diets, though experimental evidence on the quantitative basis for this are 
limited. Suggested values are set out in Table 4.11. Diets based on maize and 
oilseed meals probably need little or no biotin supplement during this period; a 
supplement of 50 tg/kg is recommended for diets containing animal protein 
sources. 
Although broiler breeder replacement stock are fed ad libitum for the first few 
weeks, they are generally given diets of relatively low ME content to avoid very fast 
growth. Under these circumstances, a chick starter rather than a broiler starter 
vitamin supplement is adequate. However when feed restriction starts they can be 
given a grower supplement of lower specification (Table 4.11). Towards the end of 
the growing period, it may be helpful to give the hens a pre-breeder supplement of 
enhanced specification to ensure that they enter the breeding stage in good 
metabolic condition. The contents of the breeding supplements (Table 4.11) are 
relatively high to allow an adequate carry-over of each vitamin to the chick. 
Growing and laying chickens 
Supplemental vitamin levels for the diets of laying hens and their replacement 
chicks are given in Table 4.12. Supplements of biotin and choline are not needed 
for wheat-based layers diets. A choline supplement has been included for 
maize-based diets but this may not be necessary if the diet contains adequate 
methionine and fatty liver is not a problem. The natural vitamin A content of a 
layer's diet is likely to be quite high if dried grass or lucerne are among the 
ingredients. However, the amounts are likely to be highly variable depending upon 
the processing conditions, length of time of storage, etc. hence supplemental 
vitamin A should always be added. 
Turkeys 
Supplements for growing and breeding turkeys are given in Table 4.13. As with the 
supplements for other types of birds, the levels of nicotinic acid, biotin and choline 
in these supplements can vary depending upon the proportions of some of the 
oilseed meals rich in these vitamins. In the breeder diet it might be helpful to 
provide an extra 50 tg biotin/kg during the first month of egg-laying and to increase 
pyridoxine and folic acid towards the end of the breeding period. 





Starter (0-6 weeks) 
Wheat 	Maize 





Vitamin A(IU) 8000 7000 6000 	5000 7000 	6000 
Vitamin D a (ICU) 3000 3000 1500 1500 3000 3000 
Vitamin E 10 10 5 	 5 5 	 5 
Vitamin K' 2 2 2 2 2 2 
Thiamin - - - 	 - - 	 - 
Riboflavin 3 3 1 1 3 3 
Nicotinic acid 20 25 5 	 10 5 	 10 
Pantothenic acid 5 7 3 5 5 7 
Pyridoxine 3 1 1 	 - I 	 - 
Biotin (tg) 80 30 - 	 - - 	 - 
Cyanocobalamin (tg) 10 10 5 5 10 10 
Folic acid 0.5 0.5 - 	 - - 	 - 
Choline - 200 - 	 - - 	 -I'  
UAS MSB 
"Choline supplement not needed for egg production but 100-200 mg might be helpful in minimizing liver fat content 













Vitamin A(IU) 12000 	11000 10000 	9000 10000 	9000 12000 11000 
Vitamin D3 (ICU) 5000 5000 5000 5000 3000 3000 3000 3000 
Vitamin E 25 	25 25 	25 20 	20 30 30 
Vitamin K 4 4 3 3 3 3 3 3 
Thiamin 2 	2 - 	 - - 	 - 2 2 
Riboflavin 6 6 4 4 3 3 12 12 
Nicotinic acid 70 	75 60 	65 50 	55 50 55 
Pantothenic acid 15 18 8 10 6 8 18 20 
Pyridoxine 8 	6 3 	2 3 	2 5 3 
Biotin(sg) 200 150 150 100 100 50 250 200 
Cyanocobalamin (tg) 15 	15 10 	10 10 	10 20 20 
Folic acid 2 2 1 1 1 1 2 2 
Choline 250 	450 200 	400 - 	 200 200 400 
AsMSB 
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Table 4.14 ADDITIONAL VITAMIN SUPPLEMENT FOR 
STRESSED BIRDS 
Meat 	birdSb 	Layers 	Breeders 
Vitamin A (lU/kg) 	 5000 	 3000 	3000 
Vitamin E (mg/kg) 30 30 30 
Vitamin C (mg/kg) 	 500 	 500 	1000 
Thiamin (mg/kg) 3 3 3 
Pantothenic acid (mg/kg) 	10 	 10 	10 
These amounts are in addition to the amounts provided by the 
normal supplements. If the food intake of the birds is depressed, the 
amounts of vitamins provided by the normal supplement should be 
increased in proportion to maintain the daily intake of each vitamin 
b If broilers are affected by FLKS, an additional biotin supplement of 
50-150 Rg is needed 
Stress 
The vitamin supplements presented in Tables 4.11 to 4.13 are for high performance 
birds housed under temperate conditions with satisfactory feed processing and 
storage conditions. If processing or storage conditions are known to be especially 
detrimental to vitamins, higher levels should be included in the supplements. If 
birds are kept under conditions that are routinely or occasionally stressful 
(temperature, etc.) an additional supplemental 'cocktail' such as the one indicated 
in Table 4.14 might be provided, although the exact choice of vitamins and their 
levels might depend upon the nature and severity of the stress. 
FREE RANGE PRODUCTION 
The amounts of vitamins provided in diet supplements can be decreased if birds 
have access to open ranges. There are two reasons for this. Firstly, the birds will 
have access to natural vitamins present on the range and, secondly, requirements 
for vitamins may be less because of the lower performance of birds maintained on 
ranges (e.g. 'label rouge' meat chickens are grown more slowly than intensively-
housed broilers). 
Open ranges can theoretically provide birds with all their vitamin needs. For 
example, vitamins A and E can be provided by grass, the B vitamins and vitamin K 
from plants, insects, worms and bacterial matter and vitamin D from sunlight. 
However, the extent to which the birds' needs are met in practice will obviously 
depend upon the quality of the range and the season. A small range largely devoid 
of plant or insect life will provide little in the way of vitamins and the vitamin 
content of a range will be much lower in winter when plants die back and insects 
disappear. Because of these factors, it is not possible to recommend specific 
supplemental vitamin levels for diets given to free range birds. An effective 
practical procedure may be to vary the inclusion rate in the diet of a vitamin premix 
in relation to the perceived quality of the range and to the season. 
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Future considerations 
Though much is known about vitamin nutrition, a lot of information on which 
requirements are based is out of date. As new information becomes available, the 
process of updating vitamin feeding practices will continue. Apart from a general 
revision of vitamin requirements, under both temperate and tropical conditions, 
there are several specific areas where advances would be welcome. 
The feeding of vitamin D 3 metabolites is of growing interest in relation to 
improving specific areas of poultry performance and research on the different 
natural and synthetic metabolites could result in important practical benefits to 
shell and bone quality. 
Also in relation to bones, the problem of leg weakness is of ever increasing 
importance, especially in the fastest growing meat-type birds. The causes seem 
varied and mysterious but good vitamin nutrition is vital for healthy bone 
formation. It is important that breeders and nutritionists work closely on this 
problem. It is also probable that, as in the past, adventitious discoveries involving 
vitamins will be made in relation to regular or sporadic syndromes. Though 
vitamins constitute only a relatively small proportion of the cost of a mixed feed, 
their ubiquity and complexity mean that high levels of scientific and practical 
expertise will continue to be important for the effective nutrition and production of 
poultry. 
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Avian tibial dyschondroplasia: a comparison of the 
incidence and severity as assessed by gross examination 
and histopathology 
B. H. THORP, C. C. WHITEHEAD, J. S. RENNIE, Institute of Animal Physiology and Genetics, 
Edinburgh Research Station, Roslin, Midlothian, EH25 9PS 
to 
The assessment of avian tibial dyschondroplasia (TD) 
in many recent studies is based on examination of 
slices of the proximal tibiotarsus with the naked eye. 
This study examines the incidence and severity of TO 
in broilers under four different dietary regimes and 
compares the efficacy of naked eye assessment with 
histopathological examination. The diets contained 
reduced levels of calcium relative to phosphorus with 
adequate (diet 1) and high (diet 2) levels of vitamin D 3 
supplementation; a very low calcium diet (diet 3) and 
a standard diet (diet 4) were also included. Gross 
examination suggested that TO was present in 80 per 
cent, 79 per cent and 27 per cent of tibiotarsi from 
birds on diets 1, 2 and 4, respectively. However, histo-
logical examination indicated TD, correspondingly, 
to be present in 18 per cent, -39 per cent and 6 per cent 
of tibiotarsi. Some birds on diet 1 exhibited physeal 
changes consistent with mild hypocalcaemic rickets. 
Many of the bone extremities which, grossly, were 
considered dyschondroplastic (diets 1,2 and 4), histo-
logically were shown to have an extensive hyper -
trophied zone with poor metaphyseal vessel penetra-
tion, but no cellular or matrix changes consistent with 
'ro. This cast doubt on the validity of earlier studies 
Of TO which relied solely on naked eye examination. 
The birds On diet 3 all demonstrated histopathology 
considered consistent with severe hypocalcaemic 
rickets and the present study suggests that in three-
week-old broilers a moderately hypocalcaemic diet 
with a high level of vitamin D 3 will not cause rickets 
but will increase the incidence and severity of TO. If 
the vitamin D3 of the diet is reduced then a 
proportion of the proximal tibiotarsi will exhibit mild 
rachitic changes with a reduction in the incidence of 
TD. 
AVIAN tibia! dyschondroplasia (TD) was first 
described as a mass of opaque catilage, irregular in 
shape and size, below the epiphyseal plate and extend-
ing into the metaphysis (Leach and Nesheim 1965). 
When examined grossly the abnormal cartilage was 
considered to resemble that seen in rickets due to 
calcium or vitamin D deficiency. To differentiate dys-
chondroplasia from rickets, histopathology and bone 
ash measurements were used. Subsequent studies 
'(Leach and Nesheim 1965, Siller 1970, Itakura et a! 
1973, Poulos 1980, Hargest et a! 1985) defined the 
histopathological features of dyschondroplasia. The 
cartilage was found to be composed of smaller 
lacunae and more matrix than normal hypertrophic 
cartilage. The lacunae were ovoid and slightly 
flattened in a plane perpendicular to the long axis of 
the bone. The chondrocytes had little cytoplasm, the 
nuclei appeared eosinophilic and apoptic nuclei were 
sometimes seen. These morphological features found 
in dyschondroplastic cartilage were not seen in the 
normal physis. 
Recent studies have suggested that strain dif-
ferences (Sheridan et a! 1978), various alterations in 
dietary constituents including calcium/phosphorus 
ratios (Edwards and Veltmann 1983, Riddell and Pass 
1987) chloride levels, acid base balance and aflatoxi-
cosis (Huff 1980) can have a marked effect on the 
incidence of ID. 
The assessment of TD in many of these experiments 
was based on examination of slices of the proximal 
tibiotarsus with the naked eye and there was no histo-
pathological assessment of the bone extremities. The 
present study examined the incidence and severity of 
TD in broilers under different 1ietary regimes and 
compared the efficacy of naked eye assessment of 
gross pathological changes with histopathological 
examination. The diets chosen to cause an increased 
incidence of TD reflect current research trends: they 
have reduced levels of calcium relative to phosphorus 
with adequate and high levels of vitamin D 3 supple-
mentation. As hypocalcaemic rickets also causes 
marked physeal thickening and may grossly be 
difficult to distingush from dyschondroplasia a very 
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TABLE 1: Estimated calcium, phosphorus and vitamin 03 Materials and methods 
contents of diets and actual mineral content by dietary analysis in 
brackets Broiler fowl (Ross) were reared from day-old under 
four different dietary regimes (Table 1) in compart- 
Diet 
Calcium 
(g kg 	) Phosphorus 	Vitamin 03 (g kg -1 ) liu kg 	1) ments of electrically heated tier brooders. Dietary 
1 75 (75) 7-6(6-8) 	1000 
vitamin D 3 levels of 1000 or 3000 iu kg -1 were 
2 7-5(8-2) 7 , 6(7-1) 3000 thought to be adequate or high in relation to the (NRC 
3 1 	(10) 5 	(43) 	1000 1984) requirements of 200 iu kg - 1 . Food and water 
Standard 4 12 	(94) 6 	)6'2) 3000 were available ad libitum. At three weeks old all the 
FIG I 	( 	 . 	 ye sugy€stv u 
naked eye examination as 5.1,3,2, 1,3 for sections A to F Histological examination revealed dyschondroplastic changes to the physeal 
cartilage of A and C, hypocalcaemic rickets in B, D and F and an accumulation of hypertrophied chondrocytes in the absence of 
pathological changes in E 
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birds in each group were killed by cervical dislocation. 
The right and left proximal tibiotarsi were dissected 
and sectioned. The sections were then each visually 
inspected with the naked eye and scored for TD. 
The scoring system was based on the degree of 
physeal thickening and ranged from 0 to 6, where 0 
represented a normal physis and 6 was considered 
likely to be a large dyschondroplastic lesion (Fig 1). 
The sections from the proximal tibiotarsi, which 
had been visually scored, were fixed in 10 per cent 
buffered neutral formalin before decalcification in 
formic acid/formalin. Paraffin embedded sections 
were then prepared, stained with haematoxylin and 
eosin and examined. For the purposes of the present 
study, growth plate was considered to consist of a 
proliferating zone, a prehypertrophied zone and a 
hypertrophied zone. 
In the histological examination of the bone 
extremities, the assessment of dyschondroplasia was 
based on the presence of microscopic changes to the 
cells and matrix which are considered characteristic of 
TD by earlier authors as described in the introduction 
(Leach and Nesheim 1965, Siller 1970, Poulos 1980, 
Hargest et al 1985). These changes included the 
accumulation of avascular matrix in which rounded 
lacunae contained chondrocytes which were only 
partially hypertrophied and demonstrated marked 
degenerative changes to their cytoplasm and nuclei 
(Fig 2E). The bone extremities when examined histo-
logically were scored from 0 to 6, where 0 was normal 
and 6 represented a metaphysis occupied by an exten-
sive mass of dyschondroplastic cartilage. However, 
the most severe dyschondroplastic lesions of the 
present study only scored 4. 
Results 
Mean bodyweights of the birds at 21 days were 535, 
533, 308 and 476 g for diets 1, 2, 3 and 4, respectively. 
Gross examination suggested that TD was present in 
80 per cent, 79 per cent and 27 per cent of tibiotarsi 
from birds on diets 1, 2 and 4, respectively. When 
bones from these three dietary groups were examined 
histologically ID was found to be present in only 18 
per cent, 39 per cent and 6 per cent of tibiotarsi. In 
addition to the ID lesions there were some sections 
which contained occluded epiphyseal blood vessels. 
Occlusion was due to thrombi of fibrinoid material, 
nuclear debris and intact and haemolysed erythro-
cytes. In some sections the occluded vessels were in the 
epiphysis and physis proximal to the dyschondro-
plastic cartilage. 
The birds on diet 3 all demonstrated marked 
physeal thickening due to marked changes in the pre-
hypertrophied zone; the histopathology of these 
physes was considered consistent with severe hypo-
calcaemic rickets (Fig 2A). 
Diet I 
A total of 56 proximal tibiotarsi were examined 
histologically. The proliferating and prehyper-
trophied zones of chondrocytes in eight proximal 
tibiotarsi contained areas of slight focal thickening 
with some disorganisation of the orientation of the 
chondrocytes (Fig 2B) as is associated with hypo-
calcaemic rickets. In nine tibiotarsi there were focal 
areas of vascular occlusion in a thickened zone of pre-
hypertrophied chondrocytes. Five of these focal 
avascular areas in the physis contained cellular 
changes consistent with TD. In other proximal tibio-
tarsi there were TD-like changes in the absence of 
occluded vessels. 
In more than half the bone extremities there were 
extensive zones of hypertrophied cartilage which 
frequently appeared to be poorly vascularised by 
metaphyseal vessels (MVs) (Fig 2C). Many of these 
extremities when examined grossly were considered 
dyschondroplastic (some severely) but histologically 
they showed no evidence (Fig 213) of the cellular and 
matrix changes consistent with dyschondroplasia. 
The MVs in these poorly vascularised metaphyses 
were widely and irregularly spaced but the mor-
phology of individual MVs appeared relatively 
normal. In contrast the MVs at the periphery of true 
dyschondroplastic cartilage were blunt ending, 
frequently branching and appeared unable to 
penetrate the dyschondroplastic cartilage (Fig 2F). 
The absence of cellular changes despite the accumula-
tion of physeal cartilage was most notable in this 
group. 
Diet 2 
A total of 59 proximal tibiotarsi were examined 
histologically. On gross examination the incidence 
and extent of TD lesions was similar to the previous 
group, but histologically the lesions were more 
extensive and of greater frequency than those of the 
previous group. The severe dyschondroplastic lesions 
identified grossly in this group were much more likely 
to contain areas of histopathology consistent with a 
diagnosis of dyschondroplasia (Fig 2E) than the gross 
lesions of any other group. Seven bone extremities 
contained occluded vessels in the prehypertrophied 
zone of the physis, four of which occurred in associa-
tion with dyschondroplastic-like changes. 
Diet 3 
A total of 14 proximal tibiotarsi were examined 
histologically. All the physes were thickened (Fig I B, 
D and F) and their gross appearance was difficult to 
distinguish from dyschondroplasia. Histologically all 
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FIG 2: Histological sections from the proximal tibiotarsus of birds in the present study. (A) The proliferative zone from the thickened 
physis of a group 3 bird. The chondrocytes are disorganised in arrangement and orientation. 18) The proliferative and part of the 
prehypertrophied zone from the slightly thickened physis of a group 1 bird. There is some disorganisation of arrangement and 
orientation of some of the chondrocytes. (C) The thickened physis from a group 1 bird. Naked eye examination suggested this physis 
was dyschondroplastic. (D) Higher power view of the chondrocytes in C. the chondrocytes are hypertrophied and appear normal. IEI 
The degenerative changes seen here are considered classical of dyschondroplasia, the lacunae are oval and contain degenerating, 
dead and dying chondrocytes and there is an apparent accumulation of matrix. (F) A blunt ending metaphyseal vessel which appears 
unable to extend into the dyschondroplastic cartilage. )Haematoxylin and eosin, original magnification A. B, D. E and F. x 40, C x 25) 
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TABLE 2: The incidence and severity of dyschondroplasia in birds fed diets 1. 2. 3 and 4 assessed grossly (scoring 
system based on the degree of physeal thickening and ranged from 0 to 6, where 0 represented a normal physis and 
6 was considered likely to be a large dyschondroplastic lesion) and histologically (scored from 0 to 6. where 0 was 
normal and 6 represented a metaphysis occupied by an extensive mass of dyschondroplastic cartilage). Under 
observations the numerator and denominator refer to left and right legs, respectively 
Observations Observations 
Diet 	 Bird number Gross 	Histological Bird number Gross Histological 
1 3/3 	 1/0 2 2/3 1/2 
3 1/1 010 4 3/4 2/3 
5 3/3 	 0/0 6 1/0 0/0 
7 2/2 2/2 8 0/0 0/0 
9 1/1 	 0/0 10 2/0 0/0 
11 2/0 0/0 12 1/1 Rickets 
13 0/2 	 0/0 14 2/0 0/0 
15 0/1 0/0 16 1/2 0/0 
17 1/1 	 0/0 18 2/2 0/0 
19 1/1 1/0 20 1/2 Rickets 
21 1/2 	 0/0 22 2/3 0/0 
23 0/0 Rickets 24 3/3 Rickets 
25 0/1 	 0/0 26 2/2 0/0 
27 5/5 4/3 28 1/1 0/0 
2 	 30 0/0 	 0/0 31 1/— 0/- 
32 3/3 2/3 33 2/1 0/0 
34 1/1 	 010 35 1/1 0/0 
36 3/4 3/3 37 2/2 1/1 
38 1/1 	 0/0 39 112 0/0 
40 4/4 3/0 41 010 0/0 
42 2/2 	 0/0 43 6/6 4/4 
44 5/4 4/4 45 1/1 0/4 
46 3/3 	 3/2 47 3/3 1/0 
48 2/2 0/0 49 0/0 0/0 
50 1/1 	 0/0 51 4/4 2/3 
52 4/4 4/4 53 010 0/0 
54 0/0 	 010 55 3/3 2/2 
56 0/0 0/0 57 5/5 4/4 
58 1/1 	 0/0 59 1/1 0/0 
3 	 60 5/5 	Rickets 61 4/6 Rickets 
62 3/3 Rickets 63 4/4 Rickets 
64 3/3 	Rickets 65 4/4 Rickets 
66 2/2 Rickets 
4 	 67 0/0 	 0/0 68 0/0 0/0 
69 0/0 0/0 70 0/0 0/0 
71 0/0 	 0/0 72 0/0 0/0 
73 1/1 1/0 74 0/0 0/0 
75 2/2 	 1/0 76 0/0 0/0 
77 0/0 0/0 78 2/— 1/- 
79 0/0 	 0/0 80 1/1 0/0 
81 0/0 0/0 82 0/0 0/0 
83 1/1 	 0/0 84 0/0 010 
85 0/0 0/0 86 0/0 0/0 
87 0/1 	 0/0 88 010 0/0 
89 1/1 0/0 90 0/1 010 
91 0/0 	 0/0 92 0/0 0/0 
93 0/0 1/0 94 0/1 010 
95 1/1 	 010 96 0/0 0/0 
There was a marked thickening of the entire pro-
liferating zone in which the cells were disorganised 
with marked individual variation in their orientation 
(Fig 2A). In addition fibrous tissue was present in the 
metaphyses which was not present in the metaphyses 
of birds from the other groups. None of the physes in 
this group contained areas of cellular and matrix 
change consistent with TO. 
Diet 4 
A total of 60 proximal tibiotarsi were examined 
histologically. There was focal thickening of the 
proliferative zone in seven proximal tibiotarsi and of 
the prehypertrophied zone in eight. Eight prehyper-
trophied zones also contained occluded vessels, three 
of which were associated with focal dyschondro- 
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plasia. There appeared to be a slight thickening of the 
hypertrophied zone in many of the proximal tibiotarsi 
examined (Fig 1E), but no degenerative changes were 
seen in the cartilage cells or matrix (Fig 213). The four 
dyschondroplastic-type lesions identified were small. 
Discussion 
The present study indicates that naked eye assess-
ment of gross sections of proximal tibiotarsi is an 
inadequate means of assessing the incidence and 
severity of dyschondroplasia. Many of the bone 
extremities when examined with the naked eye 
were considered to be dyschondroplastic but 
histological examination of the same extremities 
frequently demonstrated an extensive hypertrophied 
zone with relatively poor MV penetration and absence 
of the cellular and matrix features of TD. The birds 
were only three weeks of age and therefore it is 
conceivable that the morphological changes seen in 
many growth plates might have led to dyschondro-
plasia in older birds. However, in the absence of 
cellular changes, matrix changes or some other suit-
able indicator, these growth plates cannot be con-
sidered as exhibiting TD. Some doubt must therefore 
be cast on the validity of earlier studies which relied 
solely on naked eye examination of gross specimens. 
The present authors would suggest that histological 
examination is the most reliable means of assessing if 
physeal thickening is due to TD. 
Occluded penetrating epiphyseal vessels were asso-
ciated with focal areas of dyschondroplasia in some 
of the physes of the present study. Experimentally, 
vascular occlusion has been demonstrated to cause 
dyschondroplastic- like lesions in the fowl (Riddell 
1975a). However, in the present study dyschondro-
plasia also occurred in the absence of vascular 
occlusion and it is suggested that a wide range of 
factors can contribute to the development of dys-
chondroplasia. Indeed dyschndroplasia may not be 
one condition but a common pathology resulting 
from a number of different syndromes. This 
hypothesis is supported by the wide range of factors 
which have been demonstrated to alter the incidence 
of dyschondroplasia. 
The slight increase in size of the proliferating zone 
in some of the diet 1 birds and the lack of proper 
orientation of some of the chondrocytes in the distal 
portion of this zone is consistent with a mild degree of 
hypocalcaemic rickets in this group. It is of interest 
that these changes were not apparent in the group 2 
birds whose diet was similar apart from the content of 
vitamin D3 . Vitamin D metabolites exert a direct 
effect on growth plate chondrocytes (Hale et al 1986) 
and the lower content of vitamin D 3 in diets 1 and 3 
apparently resulted in a reduced rate of chondrocyte 
differentiation and changes in the chondrocyte  
orientation of the proliferating zone. The frequency 
and severity of these morphological changes was very 
much greater in the physes from birds in group 3 
whose diet had a far lower calcium content. 
The results suggest that a moderately hypo-
calcaemic diet with a high level of vitamin D 3 will not 
cause rickets but will increase the incidence and 
severity of TD. If the vitamin D 3 of the diet is also 
reduced then a proportion of the proximal tibiotarsi 
will exhibit mild rachitic changes and there will be a 
reduction in the incidence of TD. These findings are 
supported by earlier work suggesting that a reduction 
in available calcium on its own does not cause rickets 
in the fowl. However, more marked calcium 
deficiency even in the presence of adequate vitamin 
D3 does lead to rickets (Long et al 1984) and it should 
be noted that the morphological appearance of the 
thickened proliferative zone in the severely hypo-
calcaemic diet 3 birds is considered typical of lesions 
due to hypocalcaemic rickets as reported in other 
studies (Lacey and Huffer 1982, Riddell and Pass 
1987). 
The tibiotarsi in the broilers of the present study 
would be approaching their maximum rate of longi-
tudinal bone growth (Riddell 1975b, Thorp 1988) and 
the extensive zones of hypertrophied chondrocytes 
seen in many physes may be a reflection of this rapid 
growth rate. The rate of chondrocyte proliferation 
and hypertrophy may tend to exceed the rate of Mv 
invasion and result in a build up of hypertrophied 
cartilage poorly penetrated by MVs. However, in the 
absence of matrix and cellular changes these 
'thickened' hypertrophic zones cannot be considered 
a form of tibial dyschondroplasia. 
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Avian tibial dyschondrop!asia as a cause of bone 
deformity 
MICHAEL LYNCH, BARRY H. THORP' & COLIN C. WHITEHEAD 
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SUMMARY 
The course of tibial dyschondroplasia (TD) was followed in 20 broiler fowl fed ad libitum. TD 
initially developed between 2 and 5 weeks of age in all the birds. Tibial plateau angles (TP°) 
were measured in the radiographs and used as an assessment of tibia! bowing. There was a 
significant correlation between abnormal TP° and the age of onset, severity and persistence of 
TD, indicating that TD can be associated with the development of bone deformity in the form 
of tibia! bowing (abnormal TP°). Lameness and abnormal tibiotarsal torsion were only seen in 
broilers with abnormal TP °; suggesting that altered TP°, may through altered biomechanical 
loading lead to other bone deformities and can contribute to gait abnormalities. 
INTRODUCTION 
A large number of lame broiler fowl have leg deformities which frequently include bowing 
of the proximal tibiotarsus and fracture of the fibula (Poulos et al., 1978). There is debate 
as to the role of dyschondroplasia in the development of these skeletal deformities. Some 
studies report few deformities are associated with dyschondroplasia (Riddell,1975; Reiland 
et al., 1978), whereas others believe dyschondroplasia leads to significant bone deformity in 
broiler chickens (Siller, 1970; Howlett, 1979; Duff, 1986) and can cause bowing of the 
proximal tibiotarsus (Rowland, 1988). Histological studies have identified avian tibial 
dyschondroplasia (TD) as a mass of opaque cartilage, irregular in shape and size, below the 
epiphyseal plate, extending into the metaphysis (Leach & Nesheim, 1965; Siller, 1970; 
Itakura et al., 1973; Poulos, 1980; Hargest et al., 1985). TD is readily identifiable in 
radiographs as a radiolucency extending from the growth plate into the metaphysis. It has 
been suggested that because of the rapid resolution of some dyschondroplastic lesions, a 
sequential radiographic study would provide evidence for the presence or absence of lesions 
in bones that were becoming deformed (Randall & Mills, 1981). 
This is the first study to utilize sequential radiographs during growth, followed by 
histopathology to monitor the course of dyschondroplastic lesions in individual birds and 
then correlate the development and severity of lesions with deformity of the tibiotarsus. 
MATERIALS AND METHODS 
Twenty male Ross broiler fowls were reared from 1 day of age on normal starter then 
Received 7 May 1991; Accepted 24 September 1991. 
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grower diets fed ad libitum. They were on deep litter with a photoperiod of 8 h light per 
day. This photoperiod is not usual for broilers, but was necessary because they were 
reared in a house with immature pullets. 
The birds were observed daily throughout the study, gait abnormalities were noted and 
any severely lame birds were culled and a post-mortem examination was performed. At 
16 weeks of age all the remaining birds were killed with an overdose of barbiturate. 
Lateral view radiographs were taken of right and left stifle and proximal tibiotarsus at 
2, 3, 4, 5, 6, 8, 10, 12, 13 and 16 weeks of age. The radiographs were examined and the 
presence of radiolucencies in the metaphyses of the proximal tibiotarsus were recorded on 
a scale of 0 to 3 (Figure 1). A score of 3 was given to an extensive radiolucency 
occupying much of the metaphysis and considered likely to be caused by a large 
dyschondroplastic lesion. Zero was considered to be a normal metaphysis. When the birds 
were 8 weeks of age the proximal tibiotarsi were examined using a portable, hand-held 
Lixiscope (Chirana) (Bartels et al., 1989). 
During the post-mortem examination the femora and tibiotarsi were dissected, and 
radiographs of the lateral and anterioposterior views were taken. In addition torsional 
measurements were made of the tibiotarsi, as previously described (Duff & Thorp, 1985), 
by comparing the transverse axes of the distal and proximal articular surfaces of each long 
bone. Torsional measurements were recorded as external or internal depending upon the 
orientation of the distal, relative to the proximal, articular surface of each bone. Earlier 
work indicated that in broiler fowl fed ad libitum tibiotarsal torsion should be between 
—5° and 15° (Duff & Thorp, 1985). 
To assess the degree of tibiotarsal 'bowing' in a venterodorsal plane an estimate of the 
tibial plateau angle was made. The tibial plateau angle was measured on the radiographs 
of the lateral view of the dissected tibiotarsi (Figure 2). The long axis of the bone was 
established by drawing a straight line from the proximal to the distal extremities of the 
tibiotarsus. A second line was drawn perpendicular to the long axis at the point the long 
axis bisected the proximal extremity of the cnemial crest. 
The tibial plateau angle was measured between this perpendicular line and a line from 
the proximal cnemial crest across the surface of the condyles. 
The proximal tibiotarsi were fixed in 10% buffered neutral formalin prior to decalcifi-
cation in formic acid/fonnalin. Paraffin embedded sections were then prepared, stained 
with haematoxylin and eosin and examined. 
To estimate normal tibial plateau angles in birds of a similar genotype, but free of tibial 
dyschondroplasia, a second group of 36 broiler fowls were fed at a restricted rate typical 
for commercial breeding birds. Eight birds were killed at 4, 6 and 8 weeks of age, and the 
remaining 12 birds were killed at 12 weeks of age, the femora and tibiotarsi were 
dissected, radiographs were taken and tibial plateau angles were measured as previously. 
Proximal tibiotarsi were then serially sectioned and visually assessed for the presence of 
TD. 
RESULTS 
There was radiographic or histopathological evidence of tibial dyschondroplasia in all the 
ad libitum-fed broilers in the present study. Characteristics of these birds are given in 
Table 1. No dyschondroplastic lesions were identified in the restricted broilers, though 
slight thickening of the growth plate was noted in the histological sections from the 
proximal tibiotarsi of two of the 6-week-old birds. 
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Figure 1. Radiographs of the proximal tibiocarsi from broiler fowl, varying seventies of dyschondro-
plastic lesion which are scored according to the extent of radiolucencies (arrowed) in the metaphysis of 
the proximal tibiotarsus, (a) Score 3, an extensive radiolucency occupying much of the metaphysis; 
(b) Score 2, a less extensive radiolucency; (c) Score 1, a small but readily identifiable radiolucency; 
(d) Score 0, normal metaphysis. 
Visual assessment of gait abnormalities 
Ten of the 20 broilers fed ad libitum were culled during the course of the experiment 
because they had walking difficulties or a severely abnormal stance. Five of these lame 
birds were identified and culled at 10 weeks of age the remainder were culled at 11, 12 or 
13 weeks of age. No gait abnormalities were noted in the broilers fed at the restricted 
rate. 
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19 1304 2 2 	0.5 2 16 - 18 A 
20 1477 2 4 1 3 16 - 20 A 
23 1448 2 3 	1 4 16 - 24 A 
9 1333 2 2 1 4 13 - 24 A 
12 1347 5 6 	2 4 16 - 24 B 
10 1300 2 2 1 1 10 + 25 B 
17 1365 2 5 	3 9 16 - 34 B 
11 1287 2 6 2 7 16 - 34 B 
22 1222 2 6 	0.5 5 12 + 23 C 
8 1503 3 3 1 1 12 + 23 C 
13 1318 5 5 	0.5 1 10 + 24 C 
7 1236 2 2 1 1 11 + 28 C 
16 1545 2 4 	1 3 10 + 28 C 
14 1499 2 6 2 7 10 + 29 C 
5 1502 2 2 	0.5 1 16 - 29 C 
4 1700 2 4 1 5 10 + 33 C 
21 1513 2 4 	1 4 13 - 34 C 
18 1512 2 10 3 13 16 - 36 C 
15 1340 2 4 	1 7 11 + 28 D 
6 1606 2 6 3 7 10 + 38 D 
The radiographs were examined and the presence of radiolucencies in the metaphyses of the proximal tibiotarsus 
were recorded on a scale of 0 to 3 (Figure 1), where 0 was considered to be a normal metaphysis and 3 was an extensive 
radiolucency occupying much of the metaphysis and considered likely to be due to a large dyscbondroplastic lesion. 
The histopathology was graded as follows: A, no retained cartilage; B, accelular retained remnants of cartilage not 
connected to growth plate; C, cellular retained remnants of cartilage not connected to growth plate; D, 'active' mass of 
dyschondroplastic cartilage continuous with growth plate. 
Post-mortem 
Post-mortem examination of the appendicular skeleton revealed few abnormalities in the 
restricted broiler fowl. In the fowl fed ad libitum 'bowing' of the proximal tibiotarsus was 
noted, as were varying degrees of abnormal tibiotarsal torsion and valgus/varus deformi-
ties of the distal tibiotarsus and proximal tarsometatarsus. The four ad libitum-fed birds 
with no evidence of TD at post-mortem all had tibiotarsal torsions in the normal range 
(-5° to 20°) as did the broilers on a restricted diet (previously reported; Duff & Thorp, 
1985). Amongst the birds fed ad libitum showing histological evidence of TD, 17 of the 
32 tibiotarsi also exhibited tibial torsion outwith the normal range (Table 2). 
Radiology 
The larger live birds were difficult to restrain and position for good quality radiographs of 
the proximal tibiotarsus. This resulted in the abdominal cavity obscuring the stifle joint in 
some of the older birds. 
Lateral view radiographs of the live birds showed varying seventies of dyschondro-
plastic lesions in all 20 broilers fed ad libitum. It was noted that there were no lesions 
apparent in the distal femoral growth plate. Lesions varied in score from 0.5 to 3 and were 
first observed at week 2 in 17 birds, week 3 in one bird and week 5 in two birds. Radiographic 
evidence of lesions persisted for at least 2 weeks and in one case for 13 weeks. There was 
a significant correlation (r = 0.79; t = 5.47; P <0.001) between the duration and maid-
mum severity of dyschondroplastic lesions. No dyschondroplastic lesions were identified 
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19 19 	17 2 	 4 
20 19 21 5 2 
23 23 	25 1 	 3 
9 26 22 — 5 7 
12 25 	24 —23 	—14 
10 24 26 —15 —12 
17 35 	34 7 	 4 
11 32 37 —2 —4 
22 23 	23 — 4 	—7 
8 24 23 —11 —4 
13 25 	24 —12 	— 20 
7 28 27 — 4 —10 
16 28 	29 —23 	— 8 
14 29 29 —5 —1 
5 29 	29 —5 	—3 
4 35 32 23 26 
21 37 	31 — 6 	— 5 
18 38 33 0 —3 
15 27 	28 — 6 	— 3 
6 38 38 44 — 12 
in the post-mortem radiographs of the 12 birds fed at a restricted rate. Bilateral fracture 
of the fibula was noted in the radiographs from three of the birds (birds no. 6, 12 and 16). 
The mobile Lixiscope produced images similar to those seen in the radiographs, though 
no permanent record could be made. Lixiscope examination of the proximal tibiotarsus 
was considerably easier than taking radiographs, particularly in the older larger birds. 
Lixiscope and radiographic examination both identified TD in six of the 8-week-old birds, 
two further birds were identified as having TD one by radiographic examination and one 
by Lixiscope examination. 
Tibial plateau angles (TP°) were measured in the radiographs of the lateral view of the 
dissected tibiotarsi. The broilers fed a restricted diet all had TP° angles between 12° and 
200 (Figure 2). In the broiler fowl fed ad libitum the angles were between 17° and 38°. 
Correlation coefficients were calculated using the variables of (a) severity of lesion 
against TP° and (b) duration of lesion against TP° and gave significant values for both 
variables (a: r = 0.67, t = 3.86, P <0.001; b: r = 0.63, t = 3.45, P <0.002). 
Histopathology 
Evidence of dyscondroplastic defects were found in 16 of the 20 birds fed ad libitum. The 
evidence varied from large 'plugs' of cartilage occupying the metaphysis and still attached 
to the growth plate (Figure 3) to small remnants of cartilage in the metaphysis but no 
longer connected to the growth plate and apparently being resorped (Figure 4). The 
histpathology was graded as follows: 
No retained cartilage, four birds. 
Accelular retained remnants of cartilage not connected to growth plate, four 
birds. 
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Figure 2. Radiographs of the tibiotarsus from broiler fowl on restricted and ad libitum feeding. The 
technique for measuring the tibial plateau angle is indicated by the lines. There is a far greater angle 
in the ad libitum fed broiler fowl which also has a dyschondroplastic lesion. 
D. 'Active' mass of dyschondroplastic cartilage continuous with growth plate, two 
birds. 
In addition occluded blood vessels (Figure 5) were noted in the epiphyses and physes 
overlying all the 'active' dyschondroplastic lesions. 
Body weights of the broilers fed ad libitum at 2,3,4, 5,6,8, 10, 12, 13 and 16 weeks of 
age were recorded and the means calculated. Allometric growth rates were calculated and 
these demonstrated that the most rapid rise in percentage body weight occurred between 
2 and 6 weeks of age. 
DISCUSSION 
The utilization of sequential radiographs during growth, followed by histopathology 
enabled the course of tibial dyschondroplasia to be monitored in individual birds. Bone 
deformity, in the form of tibial bowing and tibiotarsal torsion, could then be correlated 
with the development and severity of dyschondroplastic lesions. The results obtained 
provide very strong evidence that TD can be a cause of bone deformity in broiler fowl. 
Tibial dyschondroplasia has been identified in growing broilers over a wide range of 
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Figure 3. Dyschondroplastic lesion in the growth plate of a 10-week-old fowl. The lesion is 
continuous with the growth plate and considered to be active (H&E). 
ages. In the present study tibial dyschondroplasia initially developed at between 2 and 5 
weeks of age and that lesions seen in older birds are not new, but the consequence of 
persistence of lesions which first formed when the birds were younger. The portable 
lixiscope was, as previously reported (Bartels et al., 1989), a reliable means of identifying 
birds with TD lesions as was the taking of radiographs. The disadvantages of a lack of 
permanent record from the lixiscope was compensated for by the ease of operation. 
Chicks fed on a calcium-deficient diet initially develop rickets; however, by 4 weeks of 
age dyschondroplastic lesions are present (Long et al., 1984). In our study the high 
incidence of tibial growth plate thickening at 2 weeks of age could indicate rachitic 
change, but in the absence of histopathology this can only be speculated on. However, the 
diet contained adequate cholecalciferol and calcium/phosphorus in a normal ratio. The 
other growth plates were normal and rickets is usually seen in all growth plates; in 
addition many lesions were focal, unlike rickets which affects the entire width of the 
growth plate. These observations suggest that the occurrence of rickets in the broilers of 
the present study was unlikely. 
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Figure 4. A remnant of dyschondroplastic cartilage in the metaphysis of a 16-week-old broiler fowl 
(H&E). 
All the broilers on the restricted diet had TP° less than 200  and were considered to be 
normal. We would suggest that a TP° greater than 25° is abnormal, and 16 (80%) of the 
broilers fed ad libitum fell into this category. 
The broiler fowl that were culled in this study because of gait problems had higher than 
normal tibial plateau angles. A correlation between the development of abnormal TP° and 
the age of onset, severity and persistence of the dyschondroplastic lesions was noted. 
However, TD did not always result in lameness, as all the birds had radiographic evidence 
TD yet only 80% had abnormal TP° and only 50% were lame. 
The broilers fed ad libitum with no evidence of TD either at post-mortem or 
histologically appeared to be a group in their own right. They had no gait abnormalities, 
their mean tibial plateau angle was 21° and 12.5 weeks (mean for the group) had elapsed 
from the age of identification of radiographic lesions to killing. In the birds fed ad libitum 
with evidence of TD at post-mortem, the dyschondroplastic lesions were more extensive, 
had persisted longer and 62% of these birds had gait abnormalities. Dyschondroplasia is a 
recognized cause of disturbed endochondral ossification leading to local bone distortion 
and loss of symmetry in the proximal femur (Duff, 1979). Newly-formed cartilage is 
quite malleable and has properties similar to those of a highly viscous fluid (McMaster & 
Weinert, 1970). In the avian growth plate it is likely that calcification and ossification 
reduce malleability and transfer mechanical forces from the overlying epiphysis to the 
bone. In dyschondroplasia the accumulation of a large mass of non-calcified cartilage 
which is malleable must predispose to deformity and probably accounts for some of the 
changes to the TP°. In addition dyschondroplasia may reduce the rate of bone growth at 
the site of a lesion (Thorp, 1988) and it is, therefore, not surprising that large persistent 
lesions often lead to an abnormal tibial plateau angle. The persistence of a lesion would 
reduce the time available for corrective repair processes such as bone remodelling and 
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Figure 5. Occluded blood vessel in the growth plate and extending into a dyschondroplastic lesion 
(H&E). 
may further contribute to an abnormal TP angle. The proximal tibial growth plate of man 
is considered to be compression loaded and a large varus deformity will overload the 
medial side so as to arrest growth and further accentuate the deformity, whilst mild genu 
varum modestly increases loading which stimulates growth and corrects the deformity 
(Frost, 1990). It is likely that similar biomechanics apply to the stifle joint and proximal 
tibiotarsus of the bird. If this is so moderate tibial plateau angles will tend to correct, 
whilst severely abnormal angles will tend to get worse as a result of markedly abnormal 
growth plate loading which is itself a consequence of the abnormal tibial plateau angle. 
Furthermore, the persistence of TD in the growth plate cartilage would inhibit any 
corrective growth as it has previously been demonstrated that TD inhibits longitudinal 
bone growth (Thorp, 1988). 
It is well recognized that long bones have tension and compression surfaces and the 
alignment of these forces in the growing animal are responsible for the development of 
bone torsion (Lanyon & Baggott, 1975; Lanyon & Bourn, 1979). The disruption of this 
mechanism by abnormal TP° in the broilers of the present study is likely to have directly 
contributed to the development of abnormal tibiotarsal torsions. 
Chondrocyte hypertrophy is greatly retarded or hindered by longitudinal compression 
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(Amprmo, 1985). Proximal tibiotarsal deformity and abnormal tibiotarsal torsion would 
cause altered biomechanical loading of the distal tibiotarsus and proximal tarsometatarsus. 
The altered loading may contribute to the development of further growth plate defects 
and result in the development of valgus and varus deformities in the region of the hock 
joint. 
The high incidence of dyschondroplasia in the birds fed ad libitum of the present 
study may in part be a consequence of the long periods of sitting during 16 hours of 
darkness. Long periods of sitting in broilers may compromise the blood supply to the 
growth plate (Thorp, 1986), and occluded epiphyseal and physeal blood vessels have 
previously been found to be associated with physeal defects resembling dyschondroplasia 
(Duff, 1984; Thorp, 1986). This postulated mechanism for the development of dyschon-
droplasia is supported by the high incidence of occluded blood vessels overlying 'active' 
dyschondroplastic lesions in the birds of the present study. We consider, however, that 
this mechanism is unlikely to be the cause of all dyschondroplastic lesions. 
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RESUME 
Dyschondroplasie tibiale aviaire, causes de deformation osseuse 
L'évolution de la dyschondroplasie tibiale (TD) a été suivie chez cinq poulets nourris ad libitum. La TD 
s'est développée inirialement entre deux et cinq semaines d'âge chez tons les oiseaux. Les angles de 
plateaux tibiaux (TP°) ont été mesurés par radiographic et utilisés comme mesures de la deformation 
tibiale. Ii y avait une correlation significative entre l'anomaiie TP° et l'âge d'apparition, la sévérité et la 
persistance de la TD, indiquant qu'elle pent étre associée avec le développement de la deformation 
osseuse lots de la courbure du tibia (TP° anormal). La boiterie et la torsion anormale tibiotarsale n'ont 
été observées que chez les poulets présentant un TP° anormal, ce qui suggère que l'altération 
biomecanique conduit a une autre deformation osseuse et peut contribuer a une démarche anormale. 
ZUSAMMENFASSUNG 
Aviäre Tibia-Dyschondroplasie als Ursache von Knochendeformitäten 
Der Verlauf der Tibia-Dyschondroplasie (TD) wurde bei 20 ad libitum gefutterten Mastkuken verfolgt. 
Die Entwicklung der TD begann bei samtlichen Tieren im Alter zwischen 2 und 5 Wochen. Die 
Tibiaplateau-Winkel (TP°) wurden in den Rontgenaufnahmen gemessen und dienten einer Beurteilung 
der Tibiakrummung. Es gab eine signifikante Korrelation zwischen abnormalen Ti'° und dem Alter des 
Beginns, der Schwere und der Persistenze der TD, was darauf hindeutet, dalI die TD mit dem Entstehen 
von Knochendeformierungen in Form einer Tibiakrummung (abnormale TP°) in Verbindung gebracht 
werden kann. Lahmheit und abnormale tibiotarsale Torsion wurden nur bei Mastküken mit abnormalen 
TP° festgesteilt, und das läiIt darauf schliellen, daB veranderte TP° dutch die veranderte biomechanische 
Belastung zu anderen Knochendeformierungen führen könnte und zu Gang-Anomalien beitragen kann. 
RESUMEN 
Discondroplasia tibial aviar como causa de deformidad ósea 
Se estudió ci curso de la discondroplasia tibia! (TD) en 20 broilers alimentados ad libitum. Se observó 
inicialmente TD entre las 2 y 5 semanas de edad en todas las ayes. Se midieron Ins ángulos "plateau" 
tibiales (TP°) en las radiografIas y se utiizaron para comprobar el encurvamiento tibial. Hubo una 
correlación significativa entre TP° anormales y la edad de aparicidn, gravedad y persistencia de TD, 
indicando todo ello que la TD puede estar asociada al desarrollo de la deformidad ósea en la forma de 
encurvamiento de la tibia (TP° anormal). Solo se observaron cojeras y torsiOn tibiotarsiana anormal en 
Ins broilers con un TP° anormal, sugiriendo este hecho que ci TP° alterado pudiera, a través de una carga 
biomecánica alterada, conducir a otras deformaciones Oseas y contribuir a alteraciones de la marcha. 
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HYDROGENATED OIL DECREASES TISSUE CONCENTRATIONS OF 
n-6 POLYUNSATURATED FATTY ACIDS AND MAY CONTRIBUTE TO 
DYSCHONDROPLASIA IN BROILERS 
B. A. WATKINS,' C. C. WHITEHEAD 2 AND S. R. I. DUFF 2 
'Purdue University, Department of Food Science, Smith Hall, West Lafayette, 
IN 47907, USA and 21nstitute of Animal Physiology and Genetics Research, 
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Abstract 1. In a factorial design of dietary treatments, male Ross 
broilers were given diets containing soyabean oil, hydrogenated soya-
bean oil (as a source of trans-fatty acids) or feed fat with either 0 or 
300 1ug of added D-biotin/kg. 
Growth to 28 d was not influenced by the dietary treatments. 
Length of tibiotarsal bones was reduced (P < 005) and severity of 
leg bone cartilage lesions, characteristic of dyschondroplasia, was 
highest (P < 005) in broilers fed on diets containing hydrogenated 
soyabean oil. 
Feeding hydrogenated soyabean oil lowered (P < 005) the concen-
trations of C 20 . 46 and the ratios of C 20 . 46 /C, 8 . 26 in liver and growth 
plate cartilage. 
Growth plate cartilage from birds affected with dyschondroplasia 
contained lower proportions of prostaglandin precursor fatty acids 
compared with normal growth plate. 
It is speculated that an inhibition of prostaglandin biosynthesis 
brought about by the presence of trans-fatty acids might contribute to 
the occurrence of lesions similar to dyschondroplasia. 
INTRODUCTION 
Leg weakness is a non-specific term often used to describe a variety of 
locomotor defects observed in commercially-reared poultry. The numerous 
skeletal abnormalities which occur in poultry have been characterised and 
suggestions made as to their possible aetiologies (for review see Wise, 1975; 
Pierson and Hester, 1982; Sauveur, 1984). Dietary factors, including deficien-
cies of certain nutrients can precipitate lesions in growth cartilage (Pierson and 
Hester, 1982; Leach and Gay, 1987) and bone (Watkins et al., 1989a,b) leading 
to lameness in poultry. 
Chondrodystrophy and tibial dyschondroplasia are common defects of 
12 
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epiphyseal cartilage observed in broiler chickens (Sauveur, 1984; Leach and 
Gay, 1987). Although detailed analyses of growth cartilage from broilers 
exhibiting tibial dyschondroplasia have been performed (Hargest et al., 1985; 
Freedman et al., 1985), the cause of the lesions has not been identified. 
Studies on the local regulation of cartilage and bone metabolism have 
provided new approaches for evaluating defects in long-bone modelling (Marks 
and Popoff, 1988). Prostaglandins synthesised from specific polyunsaturated 
fatty acids (PUFA) are one group of compounds known to stimulate embryonic 
chondrogenesis (Chepenik et al., 1984; Gay and Kosher, 1985) and to partici-
pate in bone formation and resorption (Raisz, 1988) in the chick. Acidic 
phospholipids are another class of biologically active compounds intimately 
involved in bone development. Matrix vesicles in broiler epiphyseal cartilage of 
the tibiotarsus are responsible for the initiation of mineralisation of the 
cartilage matrix; however, these structures require acidic phospholipids for 
mineralisation to occur (Wuthier, 1988). 
The metabolism of PUFA and prostaglandins has been shown to be 
influenced by certain nutrients. Lack of dietary biotin was found to depress the 
conversion of linoleic acid (C 18:2n6 ) to the longer-chain n-6 fatty acids (C 20:3a6 
and C20:4n6)  that are present in phospholipids and also serve as prostaglandin 
precursors (Watkins and Kratzer, 1987a; Watkins, 1989). Lowered prostaglan-
din (PGE2 ) concentrations were an observed consequence of reduced arachi-
donic acid concentrations in such birds (Watkins and Kratzer, 1987b). 
The feeding of trans-fatty acids has also been shown to depress the 
proportions of C20:3n6  and C20 : 4n6 in liver phospholipids of chickens (Watkins, 
1988). The metabolic effects of trans-fatty acids and positional isomers on 
depressing n-6 PUFA formation is well documented (Emken, 1984). The trans-
18: 1 fatty acids appear to reduce arachidonic acid synthesis by competing with 
linoleic acid for the A-6 desaturase and/or by lowering enzyme activity (Emken, 
1984). Trans-fatty acids can be present in commercial broiler diets if these 
contain recovered vegetable oils from the restaurant trade (Al-Athari and 
Watkins, 1988), when hydrogenated oils are used or where repeated heating of 
the oil results in isomerism of the natural cis-fatty acids. 
The present experiment was, therefore, conducted to investigate the effect 
of the dietary content of biotin and fatty acids (including trans-fatty acids) on 
the nature and severity of cartilage lesions in broiler chicks. Treatment effects 
on the growth cartilage of femur, tibiotarsus and tarsometatarsus, and on the 
fatty acid compositions of liver and cartilage lipids were investigated. 
MATERIALS AND METHODS 
Birds, diets and husbandry 
The birds were male Ross broilers obtained at 1 d of age from a 
commercial hatchery (Ross Breeders, Newbridge, Midlothian). Forty-five birds/ 
pen were housed in each of 24 floor pens with deep litter of wood shavings. 
There were 6 experimental treatments, comprising diets based mainly on wheat 
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soyabean oil (as a source of trans-fatty acids) and a commercial blended poultry 
feed fat, each at either of two supplemental biotin concentrations (0 and 300 
jig/kg). There were separate formulations for the starter (0 to 24 d) and 
finisher (21 to 42 d) periods. The diet compositions are given in Table 1 and 
the fatty acid compositions of the lipids are shown in Table 2. There were 4 
replicate pens for each dietary treatment. 
TABLE I 
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Supplement provided (mg/kg diet): copper 36, iodide 04, iron 80, manganese 100, selenium 0- 15, zinc 50, 
retinol 3, cholecalciferol 50 jig, a-tocopherol 25, menadione 2, riboflavin 4, pyridoxine 5, nicotinic acid 60, 
pantothenic acid 10, folic acid 3, cyanocobalamin 20 (starter only, choline chloride 250). 
Measurements 
On day 28, all birds were weighed and 20 from each treatment group, 
selected at random, were killed by cervical dislocation. The leg bones were 
dissected and serial longitudinal cuts were made through the growth plates of 
the proximal femur, tibiotarsus and tarsometatarsus. These bones were scored 
for the presence of growth plate and cartilage lesions on the scale 0 (no lesions) 
to 5 (very severe lesions). 
Bones for histological examination were fixed in formalin and decalcified 
in Gooding and Stewart's fluid (Drury and Wallington, 1980). Blocks were 
embedded in paraffin wax and sections were stained with haematoxylin and 
eosin. 
Samples of liver and cartilage dissected from the proximal tibiotarsal 
bones were frozen at — 20 °C before lipid analysis. Total lipids were extracted 
in chloroform-methanol (2:1, v/v; Folch et al., 1957) containing 2 g/kg 
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TABLE 2 
Average fatty acid composition offat.s (g/lOO g)fed to broiler chickens' 
Soyabean Hydrogenated 
Fatty acid oil soyabean oil Feed fat 
C 16 . 0 1029 897 17•44 
C16: [n7 0 0 169 
C 17 , 0 0 0 079 
C 18 . 0 401 1379 1476 
C118 . 1 0 44•44 0 
C08 . 1 21•36 2362 33•77 
C118 : 2 ,,6 0 287 036 
C 18 . 26 5396 306 2233 
C 1833 784 0 322 
C20 . 0 032 042 025 
C20  1n9 0 0 041 
C22 . 0 038 046 0 
Each 	lipid source was 	analysed in 	quadruplicate. The feed 
fat source contained some components that were not possible to 
identify. 
butylated hydroxytoluene. All lipids in standards and samples were saponified 
then methylated (Metcalfe et al., 1966) and fatty acid concentrations were 
determined with an HP 5890A gas-liquid chromatograph equipped with a 
flame-ionisation detector, integrator and auto-sampler (Hewlett Packard Co., 
Sunnyvale, CA). Before methylation of the external standard and the fatty acids 
in tissues and dietary lipids, a known amount of internal standard (methylated 
heptadecenoic acid) was added. A DB225 fused silica column (025 mm id X 30 
m) purchased from J&W Scientific Co. (Folsom, CA) was used with helium as 
the carrier gas and temperature programming. The fatty acids used for 
external and internal standards were purchased from Nu-Chek-Prep, Inc. 
(Elysian, MN). A multilevel calibration table was developed to quantify fatty 
acid methyl esters in samples by gas-liquid chromatography. 
Proportions of fatty acids present in dietary lipids and tissue samples were 
determined as mg/g and jtg/g, respectively. All fatty acids containing double 
bonds in the text and tables are cis isomers unless indicated otherwise. Ratios 
Of C20 . 4n6  to C18: 2n6  are calculated from cis isomers of these PUFA. 
The cis- : trans-isomer ratios of 18: 1 in the hydrogenated soyabean oil and 
liver and cartilage samples were determined by combined argentation-TLC 
(Dudley and Anderson, 1975) and gas-liquid chromatography (as described 
above). Methods for quantifying the total cis- and trans- i 8: 1 isomers were 
described by Watkins (1988). 
Statistical analyses 
Body weights, tibiotarsal bone lengths, cartilage scores and tissue fatty acid 
values were analysed by analysis of variance (Snedecor and Cochran, 1974) 
using a 3 X 2 factorial arrangement of treatments (three dietary lipids with two 
concentrations of biotin). Concentrations of fatty acids in cartilage samples of 
chickens with normal growth plates and those with tibial dyschondroplasia were 
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subjected to a one-way analysis of variance (Snedecor and Cochran, 1974). 
Bonnferroni's or Tukey's multiple-comparison post-priori tests or Duncan's 
multiple-range test were employed when significant differences existed (Neter 
and Wasserman, 1974). Mean standard errors were determined for amounts of 
trans-18: 1 isomers in liver and cartilage samples. Variation between means of 
unequal sample size were calculated as pooled standard deviations and for 
equal sample size as pooled standard errors. Data are presented to indicate 
individual treatment means and the significant main effects and interactions. 
RESULTS 
The fatty acid composition of the three dietary lipid sources is given in 
Table 2. Trans-18: 1 isomers were present only in the hydrogenated lipid which 
contained 65% trans and 35% cis isomers of the total 18: 1 fatty acids. The 
soyabean oil and feed fat both contained adequate amounts of essential fatty 
acids for the chicken; however, the concentrations of these fatty acids were 
relatively low in the hydrogenated soyabean oil. 
The dietary treatments did not influence body weights of the chickens at 4 
weeks of age (Table 3). Chickens fed on the diet containing hydrogenated 
soyabean oil had significantly (P < 005) shorter tibiotarsal bones than those 
fed on the diet containing the feed fat. 
TABLE 3 
Body weights and bone characteristics of 4-week-old broilers fed on diets containing different fat sources and biotin 
levels 
Hydrogenated 	 Biotin 
Soyabean 	soyabean Feed 	(ag/kg) 	Significant Pooled 
oil oil 	fat 300 	0 effects SD 
Body weight (g) 	 1244 	1218 1267 	1237 	1249 106 
Length of 
tibiotarsus (cm) 	9. I.b 	9.0b 	9.31 	92 	9•2 	fat 03 
Severity of growth plate lesions 
Femur 	 008 	 0.1b 	02 	02 	fat 0•7 
Tibiotarsus 	 16 19 	12 15 16 18 
Tarsometatarsus 	09 	 12 05 	08 	09 16 
Mean 	 0. 9.b 1•2 	0.6b 
Values within treatment groups in rows with different superscripts are significantly different (P < 005). 
Analysed by analysis of variance (3 x 2 factorial design) and mean separation test by Bonferroni. 
n = 20 except in the hydrogenated soyabean oil with 0 biotin group where n = 19. 
The physeal lesions observed in all treatment groups were similar but 
differed in severity within and between individuals. All lesions were a form of 
physeal osteochondrosis characterised by incomplete cell hypertrophy and 
chondrocyte death. The number of dead or dying chondrocytes within indivi-
dual lesions were quite variable; however, large lesions generally contained 
extensive seams of necrotic physeal cartilage and marked disturbance of 
endochondral ossification. There was no evidence of a mineralisation defect 
and the lesions were taken to be characteristic of dyschondroplasia. The 
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severity of the lesions in each of the three leg bones was greatest in the birds 
given hydrogenated soyabean oil. Overall severity was significantly (P < 005) 
higher in birds fed on the diet containing hydrogenated soyabean oil than in 
those fed on the diet containing the feed fat (Table 3). Birds fed soyabean oil 
showed lesions of intermediate severity. 
The amounts of fatty acids in liver tissue of chickens fed on the experimen-
tal diets are shown in Table 4. Generally the concentrations of fatty acids in 
liver reflected the type of fat fed. The amounts of C 18 . 26 , C 18 : 33 and n-6 
PUFA (n6 and PUFA) were highest in livers of chickens fed soyabean oil. 
The concentrations of C 18 . 0 , C 18 . 26 , C18:30, C20 . 46 , total n - 6 and PUFA, 
and the ratio of C20:4n6/Ci8:2n6  were lowest in chickens fed on the hydrogen-
ated soyabean oil. Feeding the higher concentration of biotin led to greater 
amounts of C 17 . 0 , C20;46 and total n-6 fatty acids in liver. 
TABLE 4 
Liver total lipid and fatty acid composition (JLg/g wet liver tissue) of 4-week-old broilers fed different fats and dietary 
biotin concentrations 
Hydrogenated Biotin 
Soyabean soyabean Feed (ug/kg) Pooled 
oil oil fat 0 300 SEM 
Liver lipid (mg/g) 55 57 56 55 57 25 
Fatty acid 
C 16 . 0 4135 4087 4302 4139 4412 621 
C16.,,7 354b 639" 3935 470 441 111 
C0.0 l4b ND 45" 14b 26" 4* 
C 18 . 0 3794" 3001b 3788,  3450 3606 284 
C 18 . 1 3753 5758 4173 4484 4639 958 
C, 18 . 2,6 TA 96 TA 45 27 12* 
C 18 . 2,6 4034" 2322 3147b 3032 3304 215 
C, 8 . 3,6 ND TA ND ND ND 
C 183,3 155" 22 79b 79 91 17 
C20 . 0 TA TA ND ND TA 
C20 .,,9 81 105 97 93 95 18 
C20 . 2,6 184" 170ab 133b 156 169 21 
C20 . 3,6 234" 179b 225" 215 211 16 
C20 . 4,6 1684" 487, 1196b 1045b 1200" 74* 
C22 . 0 ND ND ND ND ND 
C22 .,,,9 ND ND ND ND ND 
C22 . 4,6 102" ND 52b 46 57 12 
C22 . 6,3 582k  509b 833" 650 633 50 
6245" 3256' 4757 45395 4967' 249* 
SAT 7946 7094 8135 7602 7848 889 
MONO 4168 6502 4663 5048 5175 1079 
PUFA 6982" 3787 5669' 5268 5691 281 
C20.4,6/C I 8.2,6 0-43" 0-39" 0-33 0-35 0-03 
PUFA/SAT 0-92" 0.57r 0.71b 0-72 0-74 006 
Values in rows within a dietary treatment group (n = 6) with different superscripts are significantly 
different (P <0-05). Analysed by analysis of variance (3 x 2 factorial design) and mean separation test by 
Tukeys. 
* Significant interaction between dietary lipid and biotin treatments. 
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Some dietary treatment interactions were found for the concentrations of 
fatty acids in liver (Table 4). The individual treatment means are not shown but 
significant treatment interactions influenced the values for C 17 . 0 , C118:2 n6, 
C 20 : 46 and total n-6 PUFA. The concentration of C 17 : 0 was increased in liver 
when supplemental biotin was fed to chickens given soyabean oil and feed fat 
but not the hydrogenated soyabean oil. When the concentration of biotin was 
increased, the amounts of C g18 : 26 decreased but those for C204n6 increased. 
However, the greatest increase in C20 : 4n6 was observed in the birds fed 
soyabean oil. 
Trans- i 8: 1 fatty acids were present in liver, and in cartilage of tibiotarsal 
bones from chickens fed on the diet containing the hydrogenated soyabean oil 
(Fig.). The amounts of trans- 18: 1 fatty acids were higher in liver tissue than in 
cartilage tissue. The concentration of dietary biotin did not influence the 
concentrations of trans-fatty acids in these tissues. 
FIG—Concentrations of trans-] 8: 1 fatty acids in liver and cartilage tissues of broilers fed the 
hydrogenated soyabean oil. Values are means with standard deviations indicated with bars. The 0 
pg biotin treatments contained n = 4 and n = 6, and the 500 pg biotin treatments contained 
n = 5 and n = 7, for the liver and cartilage tissues, respectively. 
Fatty acid profiles in cartilage tissue obtained from the proximal end of 
the tibiotarsal bones are presented in Table 5. Chickens given the hydrogen-
ated lipid source had the lowest concentrations of C18 :  2n6, C20 :4n6,  total PUFA 
and ratios of C20:4n6/C18:2n6  and saturated/mono-unsaturated fatty acids. Feed-
ing the higher concentration of biotin resulted in lower amounts of trans-1 8:2 
and C20: 1n9 in cartilage. 
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TABLE 5 
Growth plate cartilage fatty acid composition (pg/g wet tissue) of 4-week-old broilers fed different fats and dietary biotin 
concentrations 
Hydrogenated Biotin 
Soyabean soyabean Feed (ug/kg) Pooled 
Fatty acid oil oil fat 0 300 SEM 
C 13 . 1 132 74 103 115 84 14-4 
C 14 , 0 22' 31b 35' 33 25b 2-5 
C 14 . 1 ND TA TA TA TA 
C 15 . 0 12 TA 16 11 TA 5-6 
C 15 . 1 12 TA 17 16 TA 4-I 
C 16 : 0 835 742 813 794 782 270 
C, 16 . 1 63 65 64 61 67 5-0 
C 16 . 1 , 7 356 348 322 351 340 9-0 
C 17 . 0 ND ND ND ND ND 0-4 
C 18 . 0 313 296 303 308 299 75 
C 18 . 1 1516 1592 1540 1595 1516 40-1 
C, 18 . 2, 6 30 36 30 38a 28b 3.3 
C 18 . 2, 6 180 68' 186' 140 121 13-5 
C 8 . 31, 3 TA ND TA TA ND 
C20 . 0 ND ND ND ND ND 
C20 . 1 , 9  12b 25a 24 24 17b 24 
C202, 6 124 132 128 134 122 9-2 
C203, 6 TA ND ND ND TA 40 
C204, 6 31 TA 26 14 20 3-0 
C22 . 0 13 TA TA 11 TA 
C221 , 9 81 , 43b 62.b 71 48 7-9 
C224, 6 ND ND ND ND ND 
C22 . 6, 3 ND TA TA TA TA 
SAT 1197 1083 1117 1158 1122 36-4 
MONO 2175 2153 2134 2236 2077 58-6 
PUFA 381' 247b 385' 340 302 20-4 
C204, 61182, 6 0-17 000b 0-16' 0-09 011 0-02 
SAT/MONO 0-55' 050b 055a 0-52 054 0-01 
SAT/PUFA 3.26b 492' 3.13b 3-62 435 0-27 
" Values in rows within a dietary treatment group (n = 7) with different superscripts are significantly 
different (P < 0-05). Analysed by analysis of variance (3 x 2 factorial design) and mean separation test by 
Tukey (P<005). 
TA, trace amount, <10 pg;  ND, not detected. 
The fatty acid compositions of cartilage in normal growth plates of 
chickens and those exhibiting tibial dyschondroplasia lesions are shown in 
Table 6. Many significant differences were found between the normal and 
lesioned cartilage removed from the proximal end of tibiotarsal bones. The 
concentrations of C 13 . 1 , C 16 : 0 , C 16 : 10 , C 18 . 09  C18:2n6, C20 . 26 , C20:4n6, C22:10, 
total saturated, mono-unsaturated and polyunsaturated fatty acids, and the 
ratio of saturated/mono-unsaturated fatty acids were lowest in the lesioned 
cartilage growth plates. 
DISCUSSION 
The growth plate lesions observed in the present experiment were charac-
teristic of dyschondroplasia and their severity was greatest in the birds fed on 




Growth plate cartilage fatty acid composition (pg/g wet tissue) of 4-week- 
old broilers with normal growth plates and those exhibiting tibial dyschon- 
droplasia lesions 
Fatty acid No lesion Lesion Pooled SEM 
C 13 . 1 130' 49b 23-6 
C 14 . 0 23 32 43 
C 14 . 1 TA TA 
C 15 . 0 TA ND 
C 15 . 1 12 ND 
C 16 . 0 853' 657b 227 
C116 . 1 66 55 7-6 
C 16 . 17 361' 327b 10•5 
C 17 . 0 ND ND 
C 18 . 0 322' 265" 7-0 
C 18 . 1 1571 1460 52•1 
C118 . 2, 6 37 32 43 
C 18 . 2, 6 153' 63b 20-8 
C18.3,,3 TA ND 
C20 . 0 TA ND 
C20.9 14 25 4-1 
C20 . 2,,6 145' Illb 9.9 
C20 . 3116 ND ND 
C20 . 4116 20 TA 
C22 . 0 12 TA 
C22 : 1119 82' 30b 14-7 
C22 . 6 ,, 3 TA TA 
SAT 1222' 961" 28•1 
MONO 2238' 1949b 598 
PUFA 360' 217b 299 
C20 . 4, 6118 . 2116 011 0-00 0-03 
SAT/MONO 055' 0.49" 001 
SAT/PUFA 360 5-12 0-56 
ab  Values represent means across all diets (n = 9). Means having 
different 	superscripts within rows denote significant differences 
between groups (one-way analysis of variance) and mean separation 
determined by Duncan's multiple range test (P < 005). 
TA, trace amount, <10 tg; ND, not detected. 
the diet containing hydrogenated soyabean oil. Analysis of the lipid from 
growth plate cartilage showed lower amounts of all fatty acids in the lesioned 
cartilage. However, the depression in the amounts of PUFA was relatively 
greatest. The concentration of C]8:2,,6 in the lesions was depressed but those 
for longer-chain fatty acids of this series were depressed to a much greater 
extent. Thus, the ratio of C20.4n6/C18:2n6 was very low in the cartilage lesions. 
The depression in synthesis of 20-carbon fatty acids could suggest that mecha-
nisms involved in the formation of prostaglandin precursors are impaired in 
birds affected by dyschondroplasia and that a lack of prostaglandins may be 
associated with the abnormality. 
In other studies, feeding a biotin-deficient diet to chickens resulted in a 
thinning of the growth plate cartilage and medial twisting (varus defect) of the 
tibiotarsal bones (Watkins et at., 1989a). In turkey poults, feeding: biotin-
deficient or biotin-depleted diets caused varus defects and decreased periosteal 
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apposition rates in the tibiotarsal bones but pair-fed poults displayed no 
defects in bone conformation or metabolism (Watkins et al., 1989b). In the 
present experiment there was no evidence from body weight data that the diets 
without supplementary biotin were deficient and biotin supplementation did 
not influence tibial bone length or the occurrence of cartilage lesions. Analysis 
of liver and cartilage lipids indicated that the biotin content of the diet had 
little effect on fatty acid interconversions or concentrations in these tissues. 
Thus, it appears in the present experiment that biotin was not involved in the 
fatty acid abnormalities seen in the cartilage lesions. 
Feeding of hydrogenated soyabean oil to the chickens resulted in the 
incorporation of trans-fatty acids into tissues. The amounts of C18:2n6  present in 
liver and cartilage were lowest with the diet containing trans-fatty acids, which 
was to be expected because this diet was lowest in C 18 . 26 content. In addition, 
birds fed the trans-fatty acid diet also showed much lower ratios of 
C20:4n6/C18:2n6 in liver and cartilage than those on the other lipid treatments, 
suggesting that the presence of the trans-fatty acids had inhibited the formation 
of the long-chain n-6 PUFA, as has been shown previously (Watkins, 1988). 
Birds fed on the hydrogenated soyabean oil showed more evidence of bone 
abnormalities. Tibiotarsal length was lowest and the severity of dyschondroplas-
tic lesions was highest for broilers given the trans-fatty acid diet. Direct 
evidence for the mechanism by which hydrogenated oil influenced bone 
formation was not obtained in this study. However, prostaglandins whose 
precursors include long-chain n-6 PUFA (especially C204n6)  are known to 
participate in the local regulation of bone metabolism (Raisz, 1988; Russell et 
at., 1990). The data from the present experiment are consistent with the 
hypothesis that inhibition of prostaglandin synthesis resulting from a lack of 
precursor fatty acids is a factor in the occurrence of dyschondroplasia. The 
presence of trans-fatty acids in the diet may contribute to growth cartilage 
defects by suppressing the formation of the prostaglandin precursor fatty acids 
in liver or cartilage. 
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The effect of dietary 1,25-dihydroxycholecalciferol in preventing 
tibial dyschóndroplasia in broilers fed on diets imbalanced in 
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Three experiments were carried out to investigate the effects of supplemental dietary 1,25-
dihydroxycholecalciferol (1,25(OH) 2cholecalciferol) and a low dietary Ca: P ratio on the occurrence of 
tibial dyschondroplasia (TD) in 3-week-old broilers. Histopathology was used to diagnose TD. In the 
first experiment, feeding a diet containing 75 g Ca and 76 g P/kg gave a higher incidence of TD than 
a control diet containing normal amounts of Ca and P (12 and 6 g/kg respectively). Increasing the 
dietary supplement of cholecalciferol in the imbalanced diet prevented rickets but did not decrease the 
incidence of TD. In the second experiment, supplementing the imbalanced diet with 10 pg 
1,25(OH)2cholecalciferol/kg prevented TD completely but also gave a slight growth depression. In the 
third experiment the imbalanced diet was supplemented with 0, 25, 5 or 10 pg 1,25(OH) 2 
cholecalciferol/kg. The supplement of 25 pg/kg depressed and the higher supplements prevented the 
occurrence of TD, this time without a growth depression. Feeding the 10 pg/kg supplement for the first 
week only did not prevent TD. Plasma total Ca, inorganic P and alkaline phosphatase (EC 3.1.3.1) 
were unaffected by diet but 1,25(OH) 2cholecalciferol was higher on the imbalanced than on the control 
diet. Supplementation of the imbalanced diet with 1,25(OH) 2cholecalciferol did not increase plasma 
levels. It is concluded that 1,25(OH) 2cholecalciferol is exerting a powerful biological effect in this model 
of TD, but the mechanism is unclear. 
Tibial dyschondroplasia: Cholecalciferol: 1,25(OH) 2cholecalciferol: Calcium—phosphorus balance: 
Broilers 
Tibial dyschondroplasia (TD) is a well-recognized disorder of rapidly growing broilers, first 
described by Leach & Nesheim (1965). TD affects the long bones, particularly the proximal 
tibiotarsus (PTT), and is characterized by the presence there of an avascular plug of 
cartilage. If the lesion is large, affected birds may become lame due to weakening, bowing 
or fracture of the PTT (Lynch el al. 1991). Less severely affected birds show thickening of 
the growth plate. Estimates of clinically affected birds are as high as 10% and many more 
birds may be sub-clinically affected. 
Histologically the lesion consists of a mass of pre-hypertrophied chondrocytes, due to a 
failure, for as yet unknown reasons, of the normal sequence of chondrocyte differentiation 
through proliferating, hypertrophying and calcifying stages (Farquarson et al. 1991). 
A high incidence of TD can be induced experimentally in a number of ways: for example, 
feeding diets with an altered cation: anion ratio or acid—base balance (Leach & Nesheim, 
1972; Halley et al. 1987), fusarochromanone administration, or by feeding certain organic 
sulphur compounds (Vargas et al. 1983; Veltmann et al. 1985; Edwards, 1987). Edwards 
& Veltmann (1983) reported that feeding diets imbalanced in Ca—P could induce a high 
30-2 
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incidence of TD as assessed by sectioning of bone extremities and gross examination of the 
growth plate. However, Riddell & Pass (1987), using histological techniques, found that 
chickens fed on diets containing high concentrations of P developed thickened growth 
plates identical to those seen in Ca-deficiency rickets before the development of typical TD. 
An involvement of cholecalciferol metabolites in TD has been reported (Edwards, 1989, 
1990). Using basal diets low in Ca (75 g/kg) and high in P (76 g/kg), the addition of 1,25-
dihydroxycholecalciferol (1,25(OH) 2cholecalciferol) to a diet containing supplemental 
cholecalciferol in the presence and absence of disulfiram was found to result in a 
considerable increase in bone ash and a decreased incidence and severity of TD. However, 
in none of these experiments was this or any other metabolite of cholecalciferol found to 
prevent TD. 
In these studies (Edwards, 1989, 1990) the occurrence of TD was assessed by visual 
examination of slices of PTT and identification of thickening of the growth plate. However, 
naked eye identification of TD is not so reliable as histopathological methods. This is 
because thickening of the growth plate can occur in the absence of cellular changes 
characteristic of TD (Thorp et al. 1991). Visual identification of TD lesions would be 
complicated further if rickets were also induced by the feeding of Ca—P imbalanced diets, 
as rickets will also cause thickening of the growth plate. 
The aim of the present study was to carry out a detailed histological investigation of the 
effects on feeding 1,25(OH) 2cholecalciferol on the occurrence of TD and rickets in young 
broilers fed on diets containing an imbalance of Ca and P. Diagnosis of growth plate lesions 
was based on histopathology and biochemical characteristics of birds were also assessed. 
MATERIALS AND METHODS 
Birds and husbandry 
Three experiments were conducted using groups of 1-d-old broiler chicks (Cobb strain; 
H. Morrison, Duns, Berwickshire) reared to 3 weeks of age in wire-floored electrically-
heated brooder units. Food and water were available ad lib. and diets, based on wheat and 
soya-bean meal, were either a control diet calculated to contain (g/kg) Ca 12, P 6, or a TD-
inducing diet calculated to contain (g/kg) Ca 75 and P 76 (Table 1). The TD-inducing diet 
was supplemented with various amounts of 1,25(OH) 2cholecalciferol, 02 g/kg in a stable 
matrix, kindly donated by Dr H. Weiser, Hoffmann—La Roche, Basle. 
The aim of Expt 1 was to confirm, using histology, that diets imbalanced in Ca—P could 
induce a high incidence of TD, and to test the effects of giving birds extra cholecalciferol. 
Three groups of birds were used, the first receiving the control diet and the second and third 
groups receiving the TD-inducing diet containing either 25 or 75 ,ug cholecalciferol/kg. 
Expt 2 assessed the effects of dietary supplementation of the TD-inducing diet with 
1,25(OH) 2cholecalciferol. Three groups were again used, the first receiving the control diet, 
the second the TD-inducing diet, and the third the TD-inducing diet containing 10 4ag 
added 1 ,25(OH) 2cholecalciferol/kg. 
Expt 3 assessed the effects of supplementing the TD-inducing diet with various amounts 
of 1,25(OH) 2cholecalciferol, and consisted of a control group and four experimental groups 
receiving the TD-inducing diet supplemented with either 0, 25, 5, or 10 1ag 1,25(OH) 2 
cholecalciferol/kg. A further group was fed the last diet up to 7 d of age before being 
transferred to the unsupplemented TD-inducing diet. 
At 3 weeks of age birds were weighed and blood samples were taken from the wing vein 
of ten to fifteen birds per treatment, using heparin as anticoagulant. Plasma was separated 
and stored at - 20° until it could be analysed. After blood sampling, all birds were killed 
by cervical dislocation and the PTT was examined and scored visually for growth plate 
1,25(oH) 2vITAMIN D 3 AND TIBIAL DYSCHONDROPLASIA 	811 
Table 1. Composition of experimental diets (g/kg) 
Ingredient 	 Control diet 	Imbalanced diet 
Wheat 559 563 
Soya-bean meal 350 350 
Vegetable oil 45 50 
Limestone 13 - 
Dicalcium phosphate 21 25 
Salt 4 4 
Methionine 2 2 
Lysine 2 2 
Vitamin and mineral supplement* 4 4 
Calculated analyses (g/kg) 
Ca 12 75 
P 6 76 
* Provided (mg/kg diet): retinol 1376 ag, cholecalciferol 25 g, z-tocopherol 10, menadione 13, thiamine 13, 
riboflavin 33, pyridoxine 17, cyanocobalamin 0-6 jug, folic acid 07, biotin 267/g, pantothenic acid 53, nicotinic 
acid 233, zinc 40, copper 29, iodine 320 /tg, iron 64, manganese 80, selenium 120 ,tg. 
thickening. Sections of PTT were taken for histological examination to confirm TD and to 
characterize growth plate pathology. 
Laboratory procedures 
Total Ca, inorganic phosphate and alkaline phosphatase (EC 3. 1 .3. 1) were measured 
using Wako kits (Alpha Laboratories, Eastleigh, Hants.) adapted for use with a plate-
reader (Titertek Twin-Reader Plus; ICN, High Wycombe, Bucks.). Total Ca was measured 
in undiluted plasma, using 4 ,ul plasma, 200 1u1 buffer and 20 dUl  colour reagent. A standard 
curve was prepared over the range 0-5 mm by dilution with extra-pure water (Millipore, 
Watford, Herts.) of standards provided with the kit. Samples were read after 20 min at 
560 nm. Inorganic phosphate was also measured in undiluted plasma, using 5,a1 plasma 
and 125 dal  mixed colour reagent. A standard curve was again constructed by dilution of 
standards provided with the kit over the range 0-100 mg/l, and samples read after 20 mm 
at 690 nm. Alkaline phosphatase was measured in plasma diluted eighty times with extra-
pure water. Samples were kept on ice until they could be assayed. A standard curve was 
prepared by diluting 5 mm-p-nitrophenol (Sigma, Poole, Dorset) in assay buffer to give a 
range of standards from 0 to 62-5 ,um. Enzyme activity was measured by adding 10 1u1 
diluted plasma to 250 1a1 substrate, and measuring absorbance at 405 nm for 10 mm. The 
mean change in absorbance per min was calculated and related to p-nitrophenol 
concentration. Alkaline phosphatase activity was calculated after correction for dilution, 
and expressed as units (U). 1,25(OH) 2cholecalciferol was measured in plasma using an 
Incstar kit (Incstar Ltd, Wokingham, Berks.). 
Samples of PTT were fixed in buffered neutral formalin before decalcification in formic 
acid—formalin. Paraffin embedded sections were then prepared and stained with 
haematoxylin and eosin and examined. TD was diagnosed when characteristic changes to 
the chondrocytes of the proliferating, pre-hypertrophied and hypertrophied zones were 
seen, including accumulation of avascular matrix and degenerative changes in cytoplasm 
and nuclei. Rickets was diagnosed where changes in the growth plate included a widening 
of the proliferating zone and disturbances in vascularity within the growth plate (Lacey & 
Huffer, 1982). 
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Statistical analyses 
Data were analysed by analysis of variance using Genstat statistical program. 
RESULTS 
The results from the first experiment confirm that feeding diets imbalanced in Ca and P to 
birds can induce a high incidence of TD (Table 2). The control group had a 14% incidence 
of TD, as assessed histologically, compared with a 21% incidence of TD and a 14% 
incidence of rickets in the group fed on the imbalanced diet containing 25 ug 
cholecalciferol/kg, and a 46% incidence of TD and 0 % incidence of rickets in the group 
fed on the imbalanced diet containing 75 ag cholecalciferol/kg. There were no significant 
differences between treatments in bird weights, or between plasma Ca, P or 1,25(OH) 2 
cholecalciferol concentrations. Alkaline phosphatase measurements were unsuccessful in 
the first experiment as the samples were not sufficiently diluted. 
The second experiment showed that addition of 1,25(OH) 2cholecalciferol to a diet 
imbalanced in Ca and P can reduce the incidence of TD. The control group had a 29 % 
incidence of TD compared with 19% in the group fed on the imbalanced diet. The 
incidence dropped to zero in the group fed on the imbalanced diet supplemented with 10 1tg 
1 ,25(OH) 2cholecalciferol/kg. There was a significant difference in body weights between 
treatments, with the group receiving 1 ,25(OH) 2cholecalciferol having a significantly lower 
mean body weight than birds on the other two treatments. Again, there were no significant 
differences in plasma Ca, P or alkaline phosphatase between treatments. 
The third experiment showed that the response to dietary 1,25(OH) 2cholecalciferol is 
influenced by dose, in that the group receiving no 1,25(OH) 2cholecalciferol had a 36% 
incidence of TD, and the groups receiving 25, 5, or 10 aug/kg had 19, 0, and 0% incidences 
respectively. In the present experiment there were no significant differences in body weights 
between treatments, although there was a trend towards lower body weight at the higher 
levels of supplementation of 5 and 10 ,ug 1,25(OH) 2cholecalciferol/kg. There were no 
significant differences in plasma Ca, P or alkaline phosphatase between treatments, although 
there was a trend towards hypercalcaemia with increasing dietary 1 ,25(OH) 2cholecalciferol. 
Feeding a diet imbalanced in Ca and P significantly increased mean circulating 
1,25(OH) 2cholecalciferol levels in Expt 3 (although not in Expt 1) from 40 to 65 pg/ml. 
Concentrations increased from a mean of 49 pg/ml in birds receiving 25 1ug 1,25(OH) 2 
cholecalciferol/kg, to a mean of 67 pg/ml in birds receiving 10 1ug 1,25(OH) 2chole-
calciferol/kg. 
DISCUSSION 
These experimental results demonstrate that dietary supplementation with 1 ,25(OH) 2 
cholecalciferol can prevent the occurrence of TD in broilers fed on a diet imbalanced in 
Ca and P. The present study extends the observations of Edwards (1989, 1990) who 
demonstrated in several experiments substantial decreases in the incidence of TD after 
dietary supplementation with this metabolite. The observations of complete prevention of 
TD at the higher supplementation rates in the present study are perhaps the result of the 
use of histology to make a specific diagnosis of TD in the presence of other growth plate 
abnormalities, including rickets, which were also found to occur with the experimental diets 
used. 
The first experiment confirmed that the use of a diet imbalanced in Ca and P and 
containing 25 ug cholecalciferol/kg could give a higher incidence of TD than a control diet 
containing normal amounts of Ca, although this was not always the case in later 
experiments. That TD is not caused by a dietary deficiency of cholecalciferol per se was 
Table 2. Effects of different dietary calcium, phosphorus, cholecalc(ferol (D 3) and 1,25-dihydroxycholecalferol (1,25(OI1) 2D 3) 
concentrations on the growth, incidences of tibial dyschondroplasia and rickets, and plasma Ca and P in broilers 
(Mean values with their standard errors) 
Expt 
no. 
Ca 	P 	D 3 








Mean 	sa n 
Plasma concentrations 
P (mg/0 	 AP (U) 
Mean 	SE 	n 	Mean 	SE n 
1 ,25(OH) 2D. 
(pg/mi) 
Mean 	SE 	n 
1 12 6 75 0 476 98 30 14 0 2.59a 019 15 72.2a 46 15 
- 37 34 8 
75 76 25 0 535b 132 30 21 14 2.99a 013 15 94.9a 60 15 - 42 54 6 
75 76 75 0 533b 118 29 46 0 294 016 15 83.7a 56 15 - 42 49 10 
2 12 6 25 0 647k 139 28 29 0 1.55a 006 25 57.6a 20 25 17329 3093 25 - 
75 7-6 25 0 650 147 29 29 0 1.58a 006 17 536a 24 16 15080a 2274 17 - 
7•5 76 25 10 552" 226 29 0 0 1.62a 006 26 60.6a 22 25 13136 
a 1877 26 - 
3 12 6 25 0 546 155 17 0 II 2.18a 011 10 57l 21 10 17lll 1760 10 40 40 10 
75 76 25 0 532a 191 17 36 0 190 016 9 66.5a 29 9 17736 2174 9 65" 78 9 
75 76 25 25 549 97 16 19 0 207a 013 10 60- 
la  25 10 18578 2613 10 49' 56 9 
75 76 25 5 516 179 19 0 0 2.19a 011 10 66.0a 30 10 17687 a 3038 10 53' 56 9 
7.5 76 25 10 522 238 16 0 0 2.37a 017 9 67.3a 29 9 13047 a 2837 9 67" 74 9 
AP, alkaline phosphatase (EC 3. 1 .3. 1). 
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demonstrated by the fact that supplementation of the imbalanced diet to give a total 
cholecalciferol content of 75 1ug/kg did not reduce the incidence of TD, although it did 
prevent rickets. 
The second experiment showed that a supplement of 10 ag 1,25(OH) 2cholecalciferol/kg 
could prevent the TD induced in this model. However, there was a significant depression 
of body weight with this diet, and a lower rate of growth is known to be associated with 
a decreased incidence of TD (Huff, 1980). In broiler chicks fed ad lib., growth accelerates 
rapidly from 2 weeks of age, with maximum allometric growth in the PTT occurring 
between 2 and 3 weeks of age (Thorp, 1988). Therefore, during this crucial period, any 
factor reducing growth rate will also reduce chondrocyte differentiation and, therefore, the 
likelihood of TD. The toxic effects of cholecalciferol metabolites were considered as a cause 
of the lowered body weight in this group, but as this result was not duplicated in the third 
experiment it was felt to be due instead to a factor outwith the experiment. The standard 
error of the mean for body weight was much higher in this group compared with other 
treatments. 
The third experiment showed that a lower dose was also effective in reducing the 
incidence and severity of TD, and that dietary contents of 5 and 10 sag/kg were effective in 
preventing TD. In this experiment there was no significant growth depression at the higher 
supplemental levels. Plasma P and alkaline phosphatase were unaffected by supplemen-
tation whereas plasma Ca tended to be elevated, although the changes were not statistically 
significant. Circulating concentrations of 1,25(OH) 2cholecalciferol were elevated among 
birds given the TD-inducing diet compared with the control diet, but did not show any 
obvious response to dietary supplementation of the TD-inducing diet with 1 ,25(OH) 2 
cholecalciferol. It is well known that Ca deficiency increases the renal synthesis of 
1,25(OH) 2cholecalciferol (Cancela et al. 1988) and in a recent study (Goff et al. 1990) 
circulating concentrations achieved after dietary restriction were comparable with those 
seen after injection of I ,25(OH) 2cholecalciferol, both being approximately eight times 
normal. In the present study 1,25(OH) 2cholecalciferol was administered orally. Its 
efficiency of absorption is not known, but absorption must have occurred in view of the 
profound effect on the incidence of TD. However, plasma concentrations of 1,25(OH) 2 
cholecalciferol are apparently not related to the development of TD. 
It was also of interest in the third experiment that supplementation with 10 1ug 
1,25(OH) 2cholecalciferol/kg for the first week after hatching only did not prevent TD. This 
implies that supplementation is needed over the whole period when rapid bone growth is 
likely to make the growth plate more susceptible to TD. It also suggests that the problem 
does not originate at the breeder level, with inadequate carryover of cholecalciferol and its 
metabolites to the hatching chick. 
It is clear from the experimental results that 1,25(OH) 2cholecalciferol is exerting a 
powerful biological effect in this TD model. In vitro studies have demonstrated receptors 
for 1,25(OH) 2cholecalciferol on chondrocytes (Suda et al. 1985) and the metabolite has 
been shown to have a powerful inhibitory effect on cell proliferation and a stimulatory 
effect on cell differentiation in chondrocytes derived from embryonic chicken caudal sterna 
(Gerstenfeld et al. 1990). A basis for the involvement of 1,25(OH) 2cholecalciferol, 
therefore, exists in this model of TD, either related to the supply of the metabolite to the 
chondrocyte and/or its effects on cellular activity. Soares et al. (1990) found a trend 
towards reduced numbers of 1 ,25(OH) 2cholecalciferol receptors in growth plate and 
intestine of TD-affected birds, but normal affinity for the hormone, as measured by 
Scatchard analysis. However, it is known from human studies (Marx, 1989) that defects 
related to cholecalciferol metabolism are complex, and may occur at every stage of the 
hormone acting on its target cell, from locating its receptor to binding to the nuclear DNA. 
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It is also possible that the observed response to 1 ,25(OH) 2cholecalciferol is mediated 
through a further metabolite of the hormone. 
The role of 1 ,25(OH) 2cholecalciferol in preventing TD in this model is as yet uncertain, 
and its significance in field cases can only be the subject of speculation. Further in vitro and 
in vivo studies are necessary to elucidate the mechanism by which broilers develop TD, and 
to clarify the role of cholecalciferol metabolism in the occurrence of this important 
condition. 
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Abstract 
Avian tibial dyschondroplasia is a disorder of endochondral 
ossification which results in the accumulation of noncatci-
fled, avascular cartilage. We have investigated the changes 
in cell proliferation and enzyme activities within specific 
cell types in the growth plate of chickens with differing se-
verity of the disease using in situ biochemical techniques 
that allow the quantification of enzyme activity in unfixed 
undecalcified sections of tissue. Lactate dehydrogenase ac-
tivity in the prehypertrophic zone and tartrate-resistant 
acid phosphatase activity in osteoclasts/chondroclasts were 
not affected by the severity of the disease. Glucose 6-phos-
phate dehydrogenase activity in both the proliferating and 
prehypertrophic zones of the growth plate was reduced in 
chicks with both moderate and severe lesions. Cell prolifer-
ation within the proliferating chondrocytes was slightly re-
duced in the severely affected birds. Alkaline phosphatase 
activity in the prehvpertrophic chondrocytes was markedly 
elevated in chicks with moderate and severe lesions. These 
results rule out an increased rate of chondrocyte prolifera-
tion as a possible mechanism for the development of tibial 
dyschondroplasia. The aetiology of the disease therefore 
appears to be related to the control of chondrocyte differ-
entiation, mineralization, and vascularization by local and/or 
systemic growth factors. 
Key Words: Avian tibial dyschondroplasia—Bromodeoxyuri-
dine uptake - in situ biochemistry - Alkaline phosphatase —Glu-
cose 6 phosphate dehydrogenase—Tartrate resistant acid phos-
phatase. 
Introduction 
Avian tibial dyschondroplasia (AID) results from a defect in 
endochondral ossification and is characterised by a plug of 
noncalcified avascular cartilage extended distally from the 
proximal tibiotarsal epiphysis (Leach & Nesheim 1965: Rid-
dell et al. 1971; Poulos 1978). It occurs spontaneously, and 
may be similar to osteochondrosis (Poulos 1978), a generalised 
cartilage defect that has been reported in rapidly growing 
mammals (Rejno & Stromberg 1978: Hilley 1982). Metaphy-
seal chondroplasia in humans also bears a number of similari-
ties (Rimoin et al. 1974). Although the incidence of ATD is 
affected by a number of factors, such as nutrition (Edwards & 
Veltmann 1983; Edwards 1988) and selective breeding (Leach 
& Nesheim 1965: Riddell et al. 1971), the aetiology of the 
disease remains unclear. There have, however, been a number 
of hypotheses, which include a defect in the metaphyseal ves-
sels such that they cannot invade the hypertrophic cartilage 
(Riddell 1975; Wise & Jennings 1972), a defect in the matrix 
itself leading to a lack of vascularisation and mineralisation 
(Leach & Nesheim 1965: Poulos et at. 1978), and a failure of 
the process of cartilage resorption (Lawler et al. 1988). 
Bone and cartilage cells contain enzymes that are closely 
involved in the processes of bone formation, resorption, ma-
trix calcification, and cell replication. Tartrate-resistant acid 
phosphatase (TRAP) is associated with osteoclasts (Minkin 
1982), and its activity has been correlated with the degree of 
bone resorption (Susi et al. 1966). Alkaline phosphatase (ALP) 
is found in both the matrix vesicles of calcifying chondrocytes 
and osteoblasts (Wergedal & Baylink 1969), and is thought to 
be involved in the mineralization process (Robison 1923; Wu-
thier & Register 1985; de Bernard & Vittur 1990). Glucose 
6-phosphate dehydrogenase (GÔPD) activity has been shown to 
be closely correlated to chondrocyte proliferation within the 
epiphyseal growth plate (Farquharson & Loveridge 1990), pre-
sumably through its role in ribose sugar synthesis via the pen-
tose phosphate pathway. Lactate dehydrogenase (LDH) is an 
indicator of anaerobic glycolysis. If reduced epiphyseal vascu-
larisation were to occur in ATD it might be expected that the 
levels of activity of LDI-1 would be increased due to the need 
to maintain energy production in the face of a reduced oxygen 
supply. In situ biochemical techniques in conjunction with mi-
crodensitometry (Chayen et al. 1973) allow the quantification 
of enzyme activities associated within bone cells maintained in 
undecalcified, unfixed sections of bone (Dunham et al. 1983; 
Dodds et al. 1984. 1990; Webber et at. 1988: Bradbeer et al. 
1988; Zanelli & Loveridge 1990; Farquharson & Loveridge 
1990). It has previously been shown using tritiated thymidine 
and autoradiography that the dyschondroplastic lesion arises 
from chondrocytes of the growth plate (Gay & Leach 1985). It 
is, however, unclear whether the formation of the cartilage 
plug stems from an increased proliferation rate of the growth 
plate chondrocytes. 
The aims of this study were two-fold: firstly, to determine 
if the disorder was characterized by alterations in cartilage and 
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Fig. 1. Sections from the tibial growth plate of a control chicken (A) and from a chicken with moderate (B) or severe (C) tibia! dyschondroplasia. 
The bones were decalcified, fixed, and embedded prior to sectioning. The control (A) contains proliferating, prehypertrophied. and hypertrophied 
chondrocytes and metaphyseal vessels. In the dyschondroplastic growth plate (C) there is an accumulation of matrix containing partially hypertro-
phied chondrocytes and no metaphyseal vessels. Chondrocytes in C show evidence of degeneration, which includes either little cytoplasm and a 
condensed nucleus or avacuolated cytoplasm and large nucleus with margination of the chromatin. The sections were stained with haematoxylin 
and eosin. Magnification: A & B: x 102; C: 204; bar 50 m, 
bone cell activity as assessed by enzyme cytochemical reac-
tions measured microdensitometrically, and secondly, to ascertain 
if there is an increased chondrocyte proliferation rate within the 
afflicted birds using bromodeoxyuridine (BrdUrd) uptake and 
immunocytochemistry (Farquharson & Loveridge 1990). 
Materials and Methods 
Animals 
Broiler chicks (male: Ross I strain) were maintained from 
hatching to three weeks of age on three separate diets. The first 
(X) contained 7.5 g/kg calcium and 7.6 g/kg phosphorus and 
1000 lU/kg vitamin D, whereas the second (Y) was the same 
as the first but supplemented with vitamin D 3 to give a total 
dietary level of 3000 lU/kg. The third diet (Z) contained 12 
gfkg calcium. 6 g/kg phosphorus, and 3000 lU/kg vitamin D. 
Although the diets affected the incidence of ATD, the re- 
sults of this study are based on the severity of the lesion, irre-
spective of the diet. 
Tissue preparation 
The chicks were injected with 25 mg of BrdUrd/kg body 
weight one hour before death. Both proximal tibiotarsi were 
examined for the presence of the dyschondroplastic lesion by 
making serial cuts lengthwise through the joint, and scored vi-
sually for severity. The scoring system ranged from 0 (no le-
sion) to 6 (very severe). Samples of each bone were processed 
for immuno- and in situ biochemistry. The bones were briefly 
immersed in 5% polyvinyl alcohol (PVA; Sigma) and chilled 
immediately in n-hexane at —70 ° C (Bradbeer et al. 1988). 
Serial sections, 10 p.m thick were cut on a Brights cryostat 
(Brights Instruments, Huntingdon. UK) and those for immuno-
cytochemical staining were mounted on glycerin albumin (BDH. 
Poole. UK) coated slides. 
Sections of bone were also processed by standard proce-
dures for histological diagnosis of ATD. 













Alkaline Phosphotose Activity 
 
fluoride and post-coupled in 0.1 mmol/L acetate buffer pH 6.2 
containing 2.2 mmoLIL Fast Garnet GBC (Sigma) at 4° C for 
15 mm, and then washed in several changes of distilled water. 
rote 
Glucose 6-phosphate dehydrogenase. The sections were re-
acted for 40 min at 37° C in 3 mmol/L NADP (disodium salt, 
Boehringer). 5 mmolfL glucose 6-phosphate (Sigma), 0.67 
mmol/L phenazine methosuiphate (Sigma). 0.3% neotetrazo!-
iurn chloride (BDH. Poole. UK), and 30% PVA (G04/140, 
Wacker Chemie, Munich, West Germany) in 50 mmoIIL gly-
cylglycine-sodium hydroxide buffer. The medium was adjusted 
to pH 8.0 and saturated with nitrogen prior to use. After the 
reaction the sections were washed several times in distilled 
v. ater. 
Fig. 2. Alkaline phosphatase activity in the prehypertrophic zone of 
chicks from group A (mild AID: open histograms). group B (moder-
ate ATD: hatched histograms), and group C (severe ATD: solid histo-
grams). The results are presented as the mean ± SEM of the values 
for each of six chicks in groups A & B and three chicks in group C. 
**p<O.Ol;  ***p<O.00l. 
In situ biochemistry 
The unfixed, undecalcified sections of bone were reacted for 
ALP, TRAP. G6PD, and lactate dehydrogenase (LDH) using 
the following methods (Chayen et al. 1973: Webber et al. 
1988). 
Alkaline phosphatase. The sections were reacted for 45 sec 
at 37° C in the following medium: 2 mmol/L of naphthyl acid 
phosphate (Sigma), magnesium chloride (2 mmolIL). and Fast 
Blue RR (1 mg/ml; Sigma) in 0.1 mol/L barbitone buffer pH 
9.4. The sections were then rinsed in 0.1 mollL acetic acid 
and washed in several changes of distilled water. 
Tartrate-resistant acid phosphatase. The sections were re-
acted for 2 min at 37° C in 0. 1 mol!L citrate buffer pH 4.5 
containing I mmol/L naphthol AS-B! phosphate (Sigma) and 
10 mmol/L sodium tartrate; after the reaction the sections were 
washed in cold distilled water containing 50 mmol/L sodium 
Table I. Alkaline phosphatase activity in prehypertrophic chondrocytes 
in chicks fed different diets and with different degrees of 
tibial dyschondroplasia 
Group Severity X 
Diet 
Y Z 
A 0 33.8 ± 	1.3 313 ± 1.1 27.4± 1.4 
1 40.2 ± 1.4 30.0 ± 1.2 31.8 ± 	1.4 
B 2 53.2 ± 1.4 48.4 ± 1.6 35.1 	± 2.3 
2 49.4 ± 1.3 - - 
3 44.4 ± 1.6 51.3 ± 	1.3 - 
C 4 - 57.8±1.3 - 
5 - 56.3±1.7 - 
6 - 56.1 	± 	1.5 - 
All the results are the mean integrated absorbance (MIA x 100) ± 
SEM of 20 cells from each of at least two Sections of the growth plate 
from each individual chick. 
Lactate dehvdrogenase. The sections were reacted for 30 
min at 37° C in 3.7 mmol/L NAD (Sigma), 50 mmol/L lactic 
acid (BDH), 0.67 mmol/L phenazine methosulphate (Sigma), 
0.3% neotetrazolium chloride (BDH). and 30% PVA in 50 
mmol/L glycylglycine-sodium hydroxide buffer. The medium 
was adjusted to pH 8.0 and saturated with nitrogen prior to 
use. After the reaction the sections were washed several times 
in distilled water. 
In each case the sections were air dried and mounted in 
Aquamount (BDH), and the enzyme activity in the chondro-
cytes and osteoclasts were measured by microdensitometry 
(Vickers M85, Vickers Instruments Ltd, York, UK) using the 
following machine settings: ALP: x 40 objective, mask A2 (10 
i.m diameter), and a wavelength of 585 nm. TRAP: x 40 ob-
jective. mask AS (25 lim diameter), and a wavelength of 540 
run. G6PD: objective x 40, mask A2, and a wavelength of 585 
nm and LDH: X40 objective, mask size A3 (15 p.m diame-
ter), and a wavelength of 585 rim. In all cases, with the ex-
ception of G6PD. the determination of enzyme activities within 
the growth plate were limited to the prehypertrophic chondro-
cytes, as the dyschondroplastic lesion is thought to originate 
from this zone, and also any measurements obtained within the 
lesion itself may be secondary to necrosis (Hargest et al. 
1985a). The chick growth plate is highly vascularised, with 
epiphyseal vessels penetrating as far as the prehypertrophic 
chondrocytes. even in chicks with ATD (Poulos 1978). Thus 
prehypertrophic chondrocytes were identified in tissue sections 
both on the basis of their position relative to the epiphyseal 
vessels and their morphological appearance as reported by Duff 
(1984). The cells were more rounded than the ovoid proliferat-
ing chondrocytes and had smaller lacunae than the true hyper-
trophic chondrocytes. 
With the exception of TRAP activity in osteoclasts, 20 
readings were made from two serial sections of each bone. 
Because of the wide variation in activity between osteoclasts 
within the same section, every osteoclast within each of two 
sections was measured. The mean coefficient of variation in 
activity within a single section was 24.6 ± 5.8% (SD, with a 
range of 15% to 42.7%. There were no significant differences 
in the coefficient of variation between the groups. 
Irnnzunocvtochenistry 
Nuclei with incorporated BrdUrd were detected using an indi-
rect immunocytochemical procedure as detailed previously (Far-
quharson & Loveridge 1990). Briefly, after acetone fixation, 
sections were denatured with 1.5 M HCI for 30 min at room 
temperature. followed by several rinses in phosphate-buffered 
saline (PBS). pH 7.4. Sections were incubated with a mono-
clonal antibody to BrdUrd (Bio Cell Consulting, Grellingen. 
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Fig. 3. Photomicrograph of alkaline phosphatase activity in the prehypertrophic zone of the growth plate of a chick with mild (A) and severe (B) 
dyschondroplasia. Unfixed, undecalcified cryostat sections were reacted for enzyme activity as outlined in the Materials and Methods. Chon- 
drocytes in the distal part of the lesion of the more severely affected chicks also reacted for alkaline phosphatase (C). Magnification x 170; 
bar 50 Lm. 
Switzerland) diluted 1:200 with PBS containing 0.5% Tween 
20 and 0.5% bovine serum albumin for one hour at 37 ° C. 
After thorough washing in PBS the sections were incubated for 
a further one hour at room temperature in FITC-labelled goat 
anti-mouse IgG (Sigma) diluted 1:50 with PBS containing 
0.5% Tween 20 and 1% normal goat serum. After washing in 
PBS, the sections were counterstained with propidium iodide 
(0.1 pg/ml) for 10 mm. washed, and mounted in PBS/glycerol 
(Cititluor, Agar Scientific, Essex, UK). Four sections from 
each bone were studied, and the labelling index within the 
proliferating zone of the growth plate was determined using a 
Zeiss Axioplan microscope (Carl Zeiss (Oberkochen). Welwyn 
Garden City. UK) fitted with epifluorescence and an 1-mm 
grid eye piece graticule. The labelling index was derived from 
approximately 400 cells in each of four sections of each chick. 
Statistics 
The results are presented as mean ± SEM and analyzed using 
Student's t-test. 
Results 
There was a small number of severely affected chicks as as-
sessed by the scoring system where only three chicks received 
a score of 4. 5. or 6 (one of each severity). Because of this 
small number, the chicks were grouped together depending on 
the seventy of the lesion in order to compare the effect of se-
verity of ATD and the changes in the measured parameters. 
The groups were: no lesion/mild (severity score 0 & 1. n = 
C. Farquharson et al.: Cellular biochemistry in tibia] dyschondroplasia 
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Table U. Glucose 6-phosphate dehydrogenase activity in proliferating (1) and prehypertrophic (II) chondrocytes in chicks fed different diets and 
with different degrees of tibial dyschondroplasia 
Diet 
X Y z 
Group Seventy I II I j II 
A 0 14.0 ± 0.3 14.2 ± 0.4 16.3 ± 0.6 17.2 ± 0.6 13.2 ± 0.5 12.0 ± 0.5 
12.6 ± 0.5 13.8 ± 0.4 - - 12.5 ± 0.8 12.4 ± 0.8 
B 2 8.4 ± 0.6 7.9 ± 0.6 8.4 ± 0.4 7.3 ± 0.3 7.5 ± 0.5 8.8 ± 0.6 
2 7.4 ± 0.2 7.3 ± 0.3 - - - - 
3 12.0 ± 0.4 13.1 ± 0.4 6.9 ± 0,6 7.3 ± 0.6 - - 
C 4 - - 10.1 	± 	1.0 13.2 ± 0.6 - - 
6 - - 8.3 ± 0.5 9.0 ± 0.5 - - 
All the results are the mean integrated absorbance (MIA x 100) ± SEM of 20 cells from each of at least two sections of the growth plate from 
each individual chick. 
6), moderate (2 & 3, n = 6), and severe (4-6, n = 3). and 
are referred to as groups A. B. and C. respectively (Fig. 1). 
Histological examination revealed the presence of lesions typi-
cal of ATD in all of the group C chicks and two of the group 
B chicks, but none in the group A chicks. The ATD lesions 
included cartilage composed of smaller lacunae and more ma-
trix than in normal hypertrophied cartilage and chondrocytes 
with little cytoplasm and eosinophilic nuclei (Fig. I). One of 
the group B chicks showed histological evidence of hypocal-
caemic rickets. Groups A & B contained animals from each of 
the three diets, but this had no apparent influence on enzyme 
activity or cell proliferation. 
In situ biochemistry 
Alkaline phosphatase activity of the prehypertrophic chondro-
cytes was found to be higher with increasing severity of the 
lesion. The activity of this enzyme was 44.7% (p<O.Ol) and 
75.0% (p<O.00I) higher in group B and C chicks, respec-
tively, than the mild or unaffected chicks of group A (Fig. 2). 
TIBIAL DYSCH0NDR0PLSIA 
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Fig. 4. Glucose 6-phosphate dehydrogenase activity in proliferating 
and prehypertrophic chondrocytes of the growth plate of chicks from 
group A (mild AiD; open histograms). group B (moderate ATD; 
hatched histograms), and group C (severe AiD: solid histograms). The 
results are presented as the mean ± SEM of the values for each of six 
chicks in groups A & B and three chicks in group C. **p<o.ol, 
***p<0 . 001 . 
Although chicks on diet Z had slightly lower levels of activity, 
this did not affect the pattern of the overall changes (Table I). 
The increased ALP activity in the severely affected chicks is 
shown in Figs. 3a and b. There was some enzyme activity in 
all chondrocytes of the lesion, and in some of the more se-
verely affected chicks a band of chondrocytes in the distal por-
tion of the lesion reacted strongly for ALP (Fig. 3c). There 
was no ALP activity in the resting or proliferating chondro-
cytes of the growth plate. 
Glucose 6-phosphate dehydrogenase activity of the prolifer-
ating chondrocytes was significantly less in the mild (p<O. 00 I) 
and severely (p<O.Ol) affected chicks compared to the rela-
tively unaffected group A chicks (Fig. 4). Again diet did not 
seem to affect the pattern of the results (Table II). The G6PD 
activity levels of the group B and C chicks were similar and 
were 45.0% and 40.0% lower, respectively, than the group A 
chicks. A similar pattern was seen in the G6PD activity of the 
prehypertrophic chondrocytes, where the activity levels of the 
group B and C chicks were 38.0 (p<O.Ol) and 20.3% (NS) 
lower than the G6PD activity of group A chicks (Fig. 4). 
G6PD activity in the chondrocytes of the lesion was markedly 
less than that within the growth plate (Fig. 5). 
The activity of LDH within the prehypertrophic chondro-
cytes did not alter with the severity of the lesion, and was 
consequently similar in all groups of chicks (Table Ill). LDH 
activity within the chondrocytes of the lesion was lower than 
that in the prehypertrophic zone, with those in the distal re-
gion showing no activity (Fig. 6). 
The osteoclasts reacted positively for TRAP and were lo-
cated below the growth plate of the unaffected chicks forming 
large resorhed channels within the matrix (Fig. 7. The chon- 
Table HI. Lactate dehydrogenase (LDH) in prehypertrophic 
chondrocytes and tartrate-resistant acid phosphatase 
(TRAP) activity in osteoclastJchondroclasts in chicks 
with different degrees of tibial dyschondroplasia 
Enzyme 
Group 	 LDH 	 TRAP 
A 	 21.1 ± 0.73 	 36.8 ± 9.21 
B 20.6 ± 0.45 33.0 ± 9.30 
C 	 20.8 ± 1.09 	 34.5 ± 8.68 
Results are presented as the mean ± SEM of the values of each group 
of chicks. 
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Fig. 5. Photomicrograph of glucose 6-phosphate dehdyrogenase activity within the prehypertrophic chondrocytes of the growth plate (A) and the 
chondrocytes of the lesion (B). Unfixed, undecalcified cryostat sections were reacted for enzyme activity as outlined in the Materials and Meth-
ods. Magnification x 170; bar 50 p.m. 
drocytes of the lesion displayed no signs of resorption, and 
thus no osteoclasts were found directly under the growth plate. 
Osteoclasts positive for TRAP were present, however, under 
the avascular lesion. There were no significant changes in 
TRAP activity with increasing severity of the lesion, with all 
three groups of chicks showing similar enzyme activity (Table 
III). The mean number of osteoclasts/section in each group 
(mean ± SEM) was as follows: A: 41.9 ± 5.9; B: 40.4 ± 
6.4: C: 28.7 ± 2.8. Although the group C chicks had a lower 
mean number of osteoclasts/section, this difference did not 
reach significance. 
Immunocytochemistry 
The distinction between dividing and nondividing chondrocytes 
within the growth plate of the chicks was easily visualised by 
the BrdUrd technique, making the determination of the label-
ling index relatively easy. It was noted in all chicks that posi-
tive labelling of the chondrocytes was limited to the zone of 
proliferation of the growth plate, with proliferating chondro-
cytes not detected in any part of the cartilaginous plug of the 
affected chicks. The labelling indexes of the birds within each 
group were very similar, as were those of group A and B 
chicks, where the labelling indexes were 24.1 ± 1.1% and 
24.8 ± 0.86%. respectively. This was in contrast to the label-
ling index of the severely affected group C chicks, where the 
labelling index of 21.3 ±0.74% was approximately 13% lower 
than that of the other two groups. This lower labelling index 
was not significantly different from that of the group A chicks. 
but did reach significance (p<O.OS) when compared with the 
group B chicks. The staining of the chondrocytes within the 
lesion with propidium iodide was not uniform with the cells in 
the distal region of the lesion not visualised by this DNA fluo-
rescent marker, possibly indicating cell death. 
Discussion 
The purpose of this investigation was to determine whether al- 
terations in the activity of certain enzymes involved in the pro- 
cess of endochondral bone formation are associated with the 
development of tibial dyschondroplasia and, secondly, to as-
certain whether the lesion is due to an increased rate of chon-
drocyte proliferation. In so doing, this study would give an 
insight into the role and importance of cellular events in the 
development of the lesion, and also lead to a better understand-
ing of the mechanisms involved in normal bone growth. The 
in situ biochemical approach used for this study allows the 
quantification of enzyme activity within specific cell types in 
unfixed, undecalcified sections, and obviates the need for their 
prior removal from their normal environment (Chayen et al. 
1973: Zanelli & Loveridge 1990; Farquharson & Loveridge 
1990). 
One possible cause of ATD is an increase in the prolifera-
tion of chondrocytes within the growth plate. The slight de-
crease in cell proliferation, as shown by BrdUrd uptake in the 
severely affected chicks, provides direct evidence that increases 
in cell proliferation are not the cause of the lesion. Studies with 
tritiated thymidine uptake (Gay & Leach 1985) reported a la-
belling index of 10%-12%, about half that found in the present 
study. The discrepancy may be due to the strain of broilers 
studied and the methods of quantification employed. 
The activity of G6PD has been linked to nucleic acid syn-
thesis. because the pentose phosphate pathway is the major 
source of ribose sugars required for DNA and RNA synthesis. 
It also provides much of the NADPH to the cytosol, which is 
necessary for the many biosynthetic steps required for cellular 
growth (Eggleston & Krebs 1974). We have previously pro-
posed that G6PD activity is related to chondrocyte prolifera-
tion. as a significant correlation was observed between G6PD 
activity and the BrdUrd labelling index of rat tibial chondro-
cytes (Farquharson & Loveridge 1990), The decrease in G6PD 
activity of the growth plate in the moderate and severe 
dyschondroplastic chicks may reflect the decreased DNA 
and protein content noted previously (Freeman et al. 1985). 
The lower G6PD activity of the proliferating chondrocytes 
in affected chicks supports the argument that ATD is not re-
lated to an increased proliferation rate of the growth plate 
chondrocytes. 
It has been proposed that a possible cause of ATD is the 
failure to resorb the growth plate cartilage (Walser et al. 1982). 
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Fig. 6. Photomicrograph of lactate dehydrogenase activity within chon-
drocytes of the (A) growth plate and (B) distal lesion. Unfixed, unde-
calcified cryostat sections were reacted for enzyme activity as outlined 
in the Materials and Methods. Magnification x 170; bar 50im. 
Osteoclastic/chondroclastic resorption can occur either through 
an increase in the activity of individual osteoclasts or an in-
crease in osteoclast number. Tartrate-resistant acid phosphatase 
(TRAP) has been used as a marker of osteoclastic and chon-
drociastic activity and bone resorption (Susi et al. 1966; Werg-
dahl & Baylink 1969; Minkin 1982: Thesingh & Burger 1983; 
Vaes 1988; Lawler et al. 1988). The lack of any change in 
TRAP activity with changes in severity of the lesion indicates 
that the accumulation of hypertrophic cartilage in the affected 
chicks is not due to a decrease in osteoclastic/chondroclastic 
activity. This finding is in broad agreement with the semi-
quantitative study of Lawler et al (1988). who found inconsis-
tent significant reductions in TRAP activity in osteoclasts of 
Fusariuni equiseti induced dyschondroplastic chicks, and prob-
ably indicates that a failure to resorb the cartilage is not a ma-
jor cause of ATD, although it is possible that a failure in clas- 
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Fig. 7. Photomicrograph of tartrate-resistant acid phosphatase within 
osteoclasts/chondroclasts (arrow) associated with spicules of unminer-
alized cartilage below the growth plate. Unfixed, undecalcified cryo-
stat sections were reacted for enzyme activity as outlined in the 
Materials and Methods. Magnification x 200; bar 50 sm. 
tic activity may have occurred prior to the lesion becoming 
established. 
Although the mean number of osteoclasts/section was lower 
in the severely affected group, this change did not reach sig-
nificance. In order to determine if there is a change in osteo-
clast number, proper histomorphometric analysis would be 
required. 
The normal levels of LDH activity in the dyschondroplastic 
chicks indicates that anaerobic glycolysis is not increased in 
the prehypertrophic chondrocytes, and that the oxygen supply 
to these cells is not limiting. This is not unexpected. as Poulos 
(1978) demonstrated that in ATD the epiphyseal vasculature, 
which extends as far as the prehypertrophic zone, was normal. 
In contrast to the normal epiphyseal vessels, those of the 
metaphysis in dyschondroplasia were found to penetrate only 
the periphery of the lesion and turn back (Poulos 1978). From 
this observation it has been proposed by Hargest et al. (1985b) 
that the reduced metaphyseal vascular supply in the lesion 
would result in anoxic conditions and increased LDH activity 
within the lesion (Finn & Lockshin 1981). 
Surgical ablation of the metaphyseal vasculature in rabbits 
(Trueta & Amato 1960) and chickens (Riddell 1975) produced 
a cartilaginous lesion similar to that observed in AID, and led 
to the conclusion that ATD may result from a defect in the 
formation of the metaphyseal blood supply (Riddell 1975; Wise 
& Jennings 1972), although this is disputed by Lawler et al. 
(1988). Alterations in the composition of the cartilage matrix 
may lead to the formation of the lesion (Leach & Nesheim 
1965: Poulos et al. 1978). However, proteoglycan concentra-
tions and the activities of the proteases and their inhibitors, 
which are important in vascular invasion (Reddi & Kuettner 
1981) and mineral precipitation (Pita et al. 1970), did not dif-
fer between normal and dyschondroplastic cartilage, although 
the conformation of the proteoglycan aggregates within the le-
sion were not determined (Freedman et al. 1985). Although the 
reasons for noncalcification of the lesion are not clear, the lack 
of mineralization may make the lesion resistant to vascular in-
vasion (Kuettner et al. 1978; Reddi & Kuettner 1981). 
Alkaline phosphatase has long been regarded as a marker 
of bone formation (Robison 1923; Wuthier & Register 1985; 
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de Bernard & Vittur 1990), and studies using fluorochrome la-
belling and in situ biochemistry have demonstrated a relation-
ship between enzyme activity and bone formation (Bradbeer & 
Reeve 1987). The decreased ALP activity in the chondrocytes 
of the lesion noted in this and other studies (Gay et al. 1985) 
is possibly secondary to chondrocyte necrosis, which has been 
observed in the lesion (Hargest et a). 1985a.b). The band of 
ALP observed at the distal edge of the lesion in some of the 
chicks may reflect its role in mineralization (Robinson 1923; 
Anderson 1989), as calcification has been observed in this area 
of the lesion by elemental analysis and ultrastructural studies 
(Hargest et al. 1985a.b). 
ALP activity within the prehypertrophic chondrocytes was 
significantly increased as the severity of the disease increased. 
This is at variance with the work of Gay et al. (1985), who 
reported "normal" enzyme activity in severely affected chicks. 
As enzyme levels in unaffected chick growth plate were not 
included in that report, it is not possible to compare the two 
studies directly. 
Given the role of ALP in mineralisation. this result is stir-
prising. as it might have been predicted that ALP activity 
would be decreased in ATD. There are a number of possible 
explanations. Firstly, calcification may result in negative feed-
back mechanisms controlling the activity of the enzyme, which 
would not be operable in the uncalcified lesion. Secondly, the 
lack of calcification may result in a "reservoir" of unused ac-
tive ALP, which is known to accumulate at the calcification 
front in normal mineralising tissues (de Bernard et al. 1986; 
Genge et al. 1988). Thirdly, the level of ALP activity may be 
related to the process of differentiation of the chondrocyte 
phenotype, which in turn is controlled by a variety of auto-
crine and paracrine growth factors (Canalis et al. 1988; Lov -
eridge el al. 1990). as well as serum factors (Bruckner et al. 
1989). 
The observation that ATD develops in the prehypertrophic 
chondrocytes with an inability to differentiate completely into 
fully hypertrophic chondrocytes (Poulos 1978; Hargest et al. 
1985) may be fundamental to the progression of the disorder. 
The identity of the factor(s) causing hypertrophy is as yet un-
known; however, a number of growth factors are known to af-
fect chondrocyte metabolism. One possible candidate is TGF-13. 
which induces chondrocyte differentiation (Seyedin et al. 1985. 
1987). A progressive increase in TGF-P synthesis, including 
its rnRNA and receptors, was correlated with increasing chick 
chondrocyte maturation, suggesting an autocrine regulatory role 
for this growth factor in chondrocyte differentiation (Rosen et 
al. 1988; Rosier et al. 1989). Complete chondrocyte hypertro-
phy is considered necessary for vascularization and mineralisa-
tion of these cells (Boskey 1981), and increased levels of 
TGF-P during endochondral bone formation correlates with the 
onset of vascularisation and mineralsiation (Carrington et al. 
1988). As TGF-3 decreases ALP activity in growth plate 
chondrocytes (Rosen et al. 1988; Loveridge & Farquharson 
1989), it is possible to speculate that the lack of production of 
TGF43 or the failure to activate the precursor form of this 
growth factor forms part of the aetiology of tibial dyschondro-
plasias. 
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Abstract P59 
The effect of 1,25-dihydroxyvitamin D3 on the proliferation and 
differentiation of avian chondrocytes maintained in vivo 
C Farquharson, CC Whitehead, JS Rennie and N Loveridge 
Institute of Animal Physiology and Genetics Research, Roslin and 
Rowett Research Institute, Aberdeen 
Chondrocyte culture and the rachitic growth plate model have indicated 
that 1 ,25(OH)2D3 is involved in chondrocyte metabolism. The effects of 
this hormone on normal chondrocytes in vivo are however unknown. 
Chicks were fed a diet supplemented with 1,25(OH)2D3 for 3 weeks and 
measurements were made in sections of growth plate of chondrocyte 
proliferation and rate of maturation through the growth plate (using 
BrdUrd labelling) and also chondrocyte differentiation (ALP activity). 
ALP activity was quantified by microdensitometry. The labelling indices 
of the control and supplemented chicks were similar (23.1 ± 1.3% vs 23.2 
± 1.6%) however the BrdUrd positive cells of the supplemented chicks 
had moved 12.0% (P<0.05) further down the growth plate than in the 
control chicks within a 21 h period. Greater ALP activity higher up the 
growth plate of the supplemented chicks indicated a more differentiated 
phenotype in cells closer to the top of the growth plate (epiphyseal 
junction). Within individual transitional chondrocytes ALP activity was 
38.5% (P<0.001) higher in the supplemented chicks. These results suggest 
that 1 ,25(OH)2D3 in vivo does not increase the rate of chondrocyte 
proliferation but does accelerate the onset of maturation. 
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Effects of age, sex and housing on the trabecular bone of 
laying strain domestic fowl 
S. WILSON, S. R. I. DUFF*, C. C. WHITEHEAD, Agricultural and Food Research Council 
Institute of Animal Physiology and Genetics Research, Edinburgh Research Station, Roslin, 
Midlothian E1125 9PS 
76 
To determine the effects of age, sex and housing 
on trabecular bone volume, samples were collected 
from groups of male and female domestic fowl 
housed in cages or floor pens from four to 60 weeks 
old. Between 25 and 60 weeks old, trabecular bone 
volume decreased by 25 per cent in sections of free 
thoracic vertebrae (T5) from female birds, the loss 
occurring at an earlier age in caged birds. Over 
the sample period, iuv in male caged birds dimin-
ished by 35 per cent, but male floor birds showed 
no reduction in trabecular bone volume. At 60 
weeks, trabecular bone volume was 30 per cent 
greater in male caged birds and 40 per cent greater 
in male floor birds than in the corresponding 
females. In reproductively active females, no tra-
bccular osteoid was observed, indicating no new 
trabecular bone formation. However, trabecular 
ostcoid was present in two birds aged 60 weeks 
which had regressed ovaries. Osteomalacia was not 
seen in any of the bone samples. 
OSTEOPENIA has been described as the most 
significant skeletal disease of the caged layer in 
production (Rowland and Foutz 1990) and is con-
sidered the primary cause of fractures and breakage 
in spent hens at processing plants (Riddell 1989). 
In a study of laying hens submitted for post mortem 
examination, Randall and Duff (1988) found a 
number of liens which they considered osteopenic. 
They defined osteopenia in laying hens as a loss 
of bone which may be due either to osteoporosis 
or osteomalacia. Osteoporosis is a bone loss in 
which bone is normally mineralised, while osteo-
malacia involves a mineralisation defect. The dif-
ferentiation of these two conditions is important, 
because osteomalacia is usually the result of vitamin 
Present address POSA Northern Regional Centre. 131 Chester Road. 
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or mineral deficiency which is relatively simple to 
rectify. Randall and Duff (1988) suggested that 
both conditions were present in the birds studied, 
but were uncertain whether the thick osteoid seams 
observed on the medullary bone were a result of 
osteomalacia or the demands of normal egg shell 
production. However, subsequent studies (Wilson 
and Duff 1990, 1991) have established the histo-
logical appearance of bone throughout the normal 
egg-formation cycle and in calcium, phosphorus 
and vitamin D 3 deficiency, thereby facilitating 
recognition of osteomalacia in laying hens. 
Although the causes and treatment of osteo-
malacia in mammals are well understood, the 
same is not true of osteoporosis and there is poor 
understanding of the problem in laying hens. 
Loss of bone with age is a universal and long 
established phenomenon in nian the bone mar-
row cavity becomes larger, the cortex becomes 
thinner and the trabeculae decrease in number 
and size (Jaworski 1983). 
Bone loss is easily detectable in males over 50 
years old and in post-menopausal females where 
it is thought to occur more rapidly because of the 
absence of resorption-limiting oestrogen (Garn et 
al1966,   Mazess 1982). This gradual and progressive 
bone loss in man results from alterations in remod-
elling dynamics. Such alterations generally exert 
a greater impact on trahecular bone because the 
surface to volume ratio is much higher in trabecular 
bone than in cortical bone (Marcus 1987). 
Histomorphometric analysis of trabecular bone is 
used to study bone loss in man (Recker 1983) but 
this technique has not been applied to bones of 
laying birds and therefore the effects of age and 
sex on avian trabecular hone volumes are unknown. 
Poultry housing systems in which more phys-
ical movement and exercise are possible (for 
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example, free-range. perchery), have been found 
either to increase breaking strength or decrease 
fracture incidence (Nielsen 1980. Hughes and 
Appleby 1989. Gregory et al 1990). The effects 
of such systems on trabecular bone volume in 
laying-strain birds are unknown. 
One of the aims of the present study was to 
identify the prevalence of osteoporosis and osteo-
malacia throughout the life of laying-strain birds. 
A further aim of this study was to investigate 
the effects of age and sex on trabecular bone 
volume and to establish a scale of normal values. 
The final aim was to investigate whether there 
are differences in trabecular bone volume and 
histopathology between birds reared and housed 
in cages or floor pens. 
Although samples from various sites in each 
bird were examined, the free thoracic vertebra 
(FTv) was selected for histomorphometric mea-
surement of trabecular bone volume because the 
}:Tv contains negligible amounts of medullary 
bone and it can be processed and sectioned with 
the degree of reproducibility necessary for mean-
ingful histomorphometric measurements. It is 
also of interest because the thoracic vertebrae 
are susceptible to fracture in osteopenic hens 
(Riddell 1981). 
I Materials and methods 
Fifty male and 50 female day-old chicks of a 
commercial laying strain were housed in a brooder 
until four weeks old and were then split into four 
oroups of 25 so that half of the males and half 
ol the females were housed in cages, and the 
reiuiinderin floor pens. They were fed a standard 
maintenance diet for males or standard layer diet 
or females, ad libitum. Five birds from each of 
the thur groups were killed at four. 12. 25. 42 
and 00 weeks old by an overdose of barbiturate 
:uiiiiinistered intravenously. All the birds were 
' etched at 25,42 and 60 weeks old and the repro-
duetive tract was examined in females aged 25. 
4 nd 60 weeks. Proximal extremities of femur, 
tarornetatarsus and proximal halves of phalanx 
I of digitus tertius (middle toe), plus the n-v and 
nolarium were collected, fixed in 70 per cent alco-
hol tind embedded in plastic for preparation of 
ui Jecalcified 6 .trn sections (Mawhinney and Ellis 
I ). The sections were stained with Von Kossa 
rriih neutral red counterstain or with toluidine 
blue. Hisiomorphometry was carried out on five  
sections of n-v from birds aged 25, 42 and 60 
weeks. A point-counting technique, involving an 
eve-piece graticule with a square mesh was used 
(Kimmel and Jee 1983): trabecular bone volume 
was expressed as a percentage of n-v volume, and 
trabecular bone osteoid (TB0) as a percentage of 
trabecular bone volume. 
Results 
There were no significant differences in body-
weight between different age groups or between 
cage and floor groups at any age (Table 1). All 
female birds aged 25. 42 and 60 weeks had fol-
licular activity and eggs were located at various 
stages in the tract, with the exception of two 
birds aged 60 weeks (one cage and one floor) 
which were observed to have regressed ovaries. 
Mean FTV bone volumes are given in Table 2. 
The only significant differences occurring between 
groups was between 60 week cage- and floor-
reared males (P<0-05). 
For individual birds, the histological appear-
ance of trabecular bone was similar in all the 
bone sites sampled. Therefore, where specific sam-
ple sites are identified they relate to either his-
tomorphometric measurements or to figures. 
At four weeks old, bone sections from males 
TABLE 1: Mean bodyweights (g) 
Age (weeks) Sex Floor Cage 
25 Male 2296 2294 
Female 1700 1866 
42 Male 2402 2702 
Female 2050 2066 
60 Male 2384 2626 
Female 1823 2044 
TABLE 2: Mean percentage bone volumes in free thoracic ver- 
tebra (Fry) (SD) 
Age Male Female 
(weeks) isv iso isV TBO 
25 Cage 24-54 (7-35) 2-76 (0-58) 16.02 (7-13) 0 
Floor 19-89 (3-05) 6-34(1-16) 16-13 (388) 0 
42 Cage 24-29 (4-23) 2-54 (0-91) 1099(2-71) 0 
Floor 20.49 (457) 2.85(2-88) 14-50 (1.75) 0 
60 Cage 16-19 (1-03) 377(2-04) 12-57 (4-70) 0 
Floor 19-24 (242) 4.40(l.17) 11 02(3.80) 0 
TBV Trabecular bone volume as a percentage of Fry volume 
iso Osteoed as percentage of trabecular bone volume 




FIG 1 A tour week female undecalcitied Section of proximal tar-
sometatarus showing substantial seams of trabecular osteoid (Tao). 
T8 Cancellous bone trabeculae Von Kossa x 100 
FIG 2 A 25 week rnn, riluecalcItIed section of o. Cancenn 
bone trabeculae (TS) thick and numerous (trabecular bone voIu'cS' 
2071 per cent), lined with osteoid (TB0). Von Kossa x 100 
and females were similar in appearance newly 
formed cancellous bone trabeculae were lined with 
substantial seams of osteoid (Fig 1). At 12 weeks, 
there was no difference in appearance between 
either males and females, or cage- and floor-reared 
birds. However it was noted that cancellous bone 
trabeculac were thicker and the network more 
extensive than in four-week-old birds. although 
osteoid was observed to occur in smaller quan-
tities. Male caged birds aged 25 weeks (Fig 2) 
had numerous, thick cancellous bone trabeculae 
in FTV sections (mean of trabecular bone volume 
was 2454 per cent) which were lined with fine 
osteoid seams (THo 276 per cent). Male floor 
birds were similar, although osteoid seams were 






Cancellous 	FIG -a A 
Oone lrabeCulae iJbj more sienJ........ ir bone vol 	Medullary bone tMB) with discrete quantities of osteoid f , . - 	/ ri 
ume 13.71 per cent), with no os-...............:o 	 Kossa 	270 
FIG 6: A 42 veek ternate urtoecalcihed section of 	. Trabecular 
bone (TB) severely reduced in volume (trabecular bone volume 7.50 
per cent) . Von Kossa 100 
of i Trahecular osteoid (TBo) Von Kossa 270 
/:;i 	I' 	t 	1i! 	' 	il/hi ilil'i? 	 fl,,, 
FIG 5: A 42 woes female unuocalcfied section of nv Trabecular 
bone (TB) mildly reduced in volume trabecular bone volume 13-50 
percent). Von Kossa 100 
bone volume was lower 0989 percent). 25-week-
old female cage- and floor-reared birds were sim-
ilar to each other in appearance (Fig 3). In contrast 
to male birds of the same age, however. cancellous 
bone trabeculae in females were slender with no 
evidence of osteoid (TB0 in caged birds mean 
1602 percent. medullary bone osteoid 0 percent, 
and in floor birds 16- 13 per cent and 0 per cent. 
respectively). In sections of proximal femur from 
females, medullary bone was observed to be vari-
able in its volume and well mineralised, although 
discrete quantities of osteoid were visible on its 
periphery (Fig 4). 
Male birds aged 42 weeks were similar to those 
aged 25 weeks. In 42-week-old females, cancellous 
hone trabeculae were reduced in volume com-
pared to those in 25-week-old females, and severe-
ly reduced in comparison to 42-week-old males. 
Again, there was no visible osteoid. Bone volume 
was more severely reduced in caged birds than 
in floor birds. In sections of proximal femur, 
medullary bone was similar in appearance to birds 
of 25 weeks old. 
In the caged males aged 60 weeks there was a 
significant reduction (P<005) in mean trabecular 
hone volume (1619 per cent) compared to those 
aged 42 weeks (2429 per cent). Mean trabecular 
bone volume in floor males was unchanged. It 
was noted that osteoid seams were present in all 
the males. Caged and floor females were similar 
to each other, with individuals in each group having 
reduced bone volumes varying from mild (Fig 5) 
to severe (Fig 6). Osteoid was absent in all the 60-
week-old females, with the exception of one bird 
from each group in which distinct seams of osteoid 
were present (Fig 7). These two birds had regressed 
ovaries and were therefore excluded from the mean 
bone counts. Figs 8 and 9 demonstrate the ditier- 
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ence in bone volume which occurred between males 
and females by 60 weeks old. 
No birds examined in any group at any age 
were osteomalacic, because the cancellous bone 
traheculae were adequately mineralised in all 
cases and the medullary bone showed the degree 
of mineralisation regarded as normal. 
Discussion 
Before this study, the contribution of osteo-
malacia to the incidence of osteopenia of laying 
hens was unknown. Osteomalacia was not 
observed in any of the birds in the study because 
the reductions in trabecular bone volume were 
not associated with a mineralisation defect and 
examination of medullary bone revealed osteoid 
occurring in quantities regarded as normal 
(Wilson and Dull 1990). This suggests that dietary 
levels of calcium, phosphorus and vitamin D 
were adequate, and that osteomalacia did not 
contribute to the bone loss recorded in this study. 
In female birds, the onset of hone loss at a 
younger age and the absence of trahecular osteoid 
in the presence of medullary bone and osteoid 
suggest that, while medullary bone is being 
formed. trabecular bone formation does not 
occur but resorption does. In man, bone re-
modelling is thought to be a continuous cycle of 
destruction and renewal carried out by 'bone 
, 	 - 
FIG 9 A 60 week female floor bird updecalcrfied full section of rr 
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remodelling units' (Marcus 1991). Remodellin 
is stimulated by hormonal or physical signal 
which recruit marrow precursor cells to bon' 
surfaces where they fuse to form osteoclasts whici 
form a resorption cavity. Coupled to this resorp 
tion is a subsequent period of bone formatioi 
in which preosteoblasts attracted into the resorp 
tion cavity by local release of chemical mediator 
replace missing bone by first laying down osteoi 
then mineralising it. Hence bone formation i 
coupled spatially and temporally to bone resorp 
tion (Parfitt 1983. Marcus 1987). However, th 
continued resorption of trabecular bone observe 
in the present study, together with the absencl 
of osteoid suggests that such a coupling of osteo 
clasts and osteoblasts may not occur in repro 
ductively active laying hens. Further studies ar il  
required to determine the cellular mechanism: 
associated with trabecular bone loss in layin 
hens and should consider the possible role o 
osteocytic osteolysis. Regardless of the actua 
mechanisms involved, a prolonged shift from pro 
duction of trabecular bone to medullary hone it 
likely to have important implications for skeleta 
integrity because medullary bone is not though 
to have a structural function (Bell and Freeniar 
1971 ). It is also possible that trahecular born 
may he resorbed to provide the necessary minera 
requirements for medullary bone formation. 
Although cortical bone was not examined it 
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the present experiment. Rowland and Foutz 
(1990) have reported that in caged layers aged 
45 weeks minimal cortical mineralisation occurs. 
suggesting an osteopenia associated with 
decreased osteogenesis. This is consistent with 
the observations and measurements made on tra-
becular bone in the present experiment. In females 
and caged males, the observed and measured 
reduction with age in the amount of normally 
mineralised trabecular bone is consistent with 
the definition of osteoporosis suggested by 
Randall and Duff (1988). The absence of tra-
becular osteoid in reproductively active females 
in this study was also reported in laying hens in 
a study of cage layer fatigue (Bell and Siller 1962). 
The effect of age on trabecular bone volume 
was quite different in males and females. In caged 
males the reduction in mean trabecular bone vol-
ume which occurred between 42 and 60 weeks 
old, accompanied by continued osteoid forma-
tion. may be similar to the type II osteoporosis 
seen in men and women. This is an age-related 
loss of trabecular bone reflecting long-term 
remodelling efficiency (Riggs et al 1982). 
However, the trabecular bone loss in females 
observed in the present study does not appear 
similar to either type II or type I osteoporosis. 
The latter involves a loss of trabecular bone after 
the menopause and is caused by an oestrogen 
deficiency which leads to increased resorption 
(Marcus 1991). In laying hens, the apparent ces-
sation of trabecular bone formation in the pres-
ence of medullary bone represents an osteoporosis 
due to a decrease in formation which is related 
to reproductive activity. 
The nature of the trabecular bone loss in 
l'emilcs and its relationship to medullary bone 
ioriiition present difficulties in establishing a 
normal range of values for trabecular bone vol-
ume in laying strain birds, since a reduction in 
hone volume appears to have occurred in repro-
ductively active females by 25 weeks. To confirm 
thk.l'urther information is required regarding 
the patterns of medullary and trabecular bone 
formation and resorption which occur around 
the point of lay. It would be of particular value 
to ctablish a threshold value for laying hens 
below which structural failure is likely to occur. 
This value has been calculated in man by mea-
suring iliac crest trabecular bone volume in 
patients suffering fracture, and was found to be 
11 per cent (Parlitt 1983). Such a threshold cal- 
culated for laying hens would be of great benefit 
to future studies of osteopenia in laying hens. 
Until this figure is calculated, it is suggested that 
it may be valid to consider as a normal value the 
mean value for trabecular bone volume in the 
FT\ of mature males in the present study ± the 
standard deviation (2071 per cent ± 478). Values 
below this would therefore be considered osteo-
porotic. Female birds with a trabecular bone vol-
ume of less than 15 per cent had sparse and 
slender trabeculae and were considered osteo-
porotic in this study. These figures would, of 
course, apply only to the particular strain of bird 
used in this experiment, since strain differences 
in bone volume have not yet been investigated. 
The effects of housing type on trabecular bone 
loss in females were insignificant in this study. 
Despite sample sizes being small, the trabecular 
bone loss which occurs in females regardless of 
housing type suggests that other factors such 
as reproductive activity are more important in 
the development of osteoporosis in laying hens. 
In contrast, bone volume in male floor birds 
was significantly greater than in caged birds 
aged 60 weeks (P<005). This indicates that in 
male laying strain birds as in other animals 
(Weinreb et al 1989), a decrease in usage or 
loading, in this case caused by the nature of the 
housing, may reduce trabecular bone volume, 
and could increase the incidence of fracture or 
decrease bone strength. 
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Chapter 14 
Characteristics of osteopenia in hens 
C. C. WHITEHEAD AND S. WILSON 
Osteopenia is defined as a loss in the amount of bone tissues leading to bone fragility. 
It characteristically occurs in lines of laying hens with high rates of egg production. 
and can be regarded as a generalised skeletal disorder resulting in bone fractures. 
This condition has also been popularly known as 'cage layer fatigue', the name 
given (Couch, 1955) to a newly identified condition involving leg weakness in 
layers. 
Clinical features 
The condition first manifested itself soon after the introduction of individual layers' 
cages in the southern USA in 1954. It was seen more frequently in highly productive 
birds and during the summer months. An early description (Grumbles, 1959) indicated 
the first signs were usually of a paralysis, rending the birds unable to stand. Two forms 
of cage layer fatigue have been described, peracute and acute (Bell and Siller, 1962). 
In the peracute form, no characteristic symptoms precede death, which takes place 
suddenly and unexpectedly in apparently healthy, heavily laying birds. The acute form 
is characterised by a leg weakness in which the birds, being unable to stand, sit on their 
hocks with a flaccid extension of the legs to the front. They will continue to eat, if food 
is placed within reach, and can recover after a month or two. Egg production stops 
during this period but can resume normally on recovery. 
On necropsy, affected birds were found to have fragile bones. The walls of the long 
bones of the wings and legs were thin and brittle and could be crushed with the fingers. 
Ribs were also deformed and contained fractures (Grumbles, 1959; Bell and Siller, 
1962). Spinal fractures occurred (Schiefer and Dorn, 1969) which resulted in compres-
siOn and degeneration of the spinal chord and explained the occurrence of paralysis. 
The patterns of bone breakage observed in osteopenic hens can be quite variable and 
presumably reflect differences in the physical stresses and traumas experienced at 
different stages in the hen's life. A survey of hens arriving at slaughter houses revealed 
that fractures of the humerus, keel and ischium were most common (Gregory and 
Wilkins, 1989). As the name 'cage layer fatigue' implies, the condition has been most 
prevalent in caged hens, especially in birds kept in small cages (Bell and Siller, 1962; 
King, 1965; Pilaski, 1970). Inactivity contributes to the problem, as illustrated by 
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decreased bone ash and strength in chickens with immobilised limbs (Pilaski, 1970; 
Nightingale, Littlefied and Merkley, 1972). 
Blood calcium and phosphorus values are usually within the normal range, and the 
absence of rubbery bones and soft or thinshelled eggs suggest that rickets or severe 
calcium deficiency are not the cause. Strain differences have been observed in the 
occurrence of osteopenia and the problem may be the endogenous calcium balance, 
with a genetic component (Bell and Siller, 1962). Further reviews of this condition are 
given in Riddell (1975, 1981) and Chapter 8. 
Current situation 
Since the condition was first recognised, the scale of the problem has increased. Two 
factors are likely to have contributed to this. The first has been the widespread use of 
battery cages. The second has probably been continued selection for lines of chickens 
that combine a very high egg productivity with early sexual maturity, low body weight 
and low food intake. Today, the problem is perceived at two levels. There are produc-
tion problems, associated firstly with mortality and lost production in battery hens and 
secondly in the processing of spent layers where bone breakage results in the contam-
ination of carcasses and recovered meat with splinters of bone. Then there is the 
problem of the adverse welfare of live birds affected with paralysis or broken bones. 
Up to 30% of laying hens reaching the processing factory can have one or more broken 
bones (Gregory and Wilkins, 1989). These breakages can occur during the life of the 
hen in the battery, as indicated by the presence of healed breaks in some birds, and 
during removal of hens from cages and transport to the factory. Because of the current 
magnitude of these problems, there is considerable concern that the nature and causes 
of the condition are established and strategies for its prevention are identified. 
Causes of osteopenia 
The bone of the egg-laying hen is made up of two types: cancellous bone which is 
largely responsible for structural strength, and medullary bone which develops at the 
onset of sexual maturity as a labile reserve of calcium for egg shell formation. 
Medullary bone has a crumbly texture and is not thought to contribute much to the 
overall strength of the bone. The loss of bone mass occurring in osteopenia can be 
identified by radiography, though this does not distinguish between cancellous or 
medullary bone, both of which are radio-opaque. There are two main conditions which 
can result in a loss of bone mass. 
Osteomalacia 
This is caused by defective mineralisation of bone tissue and is characterised primarily 
by thick seams of unmineralised or poorly mineralised organic matrix, mainly osteoid, 
on the surfaces of medullary bone trabeculae. The degree of mineralisation of 
medullary bone does change during the egg formation cycle, though not to the extent 
that differences in osteoid thickness are detectable histologically (Wilson and Duff, 
1990). However nutritional deficiencies of calcium, phosphorus and vitamin D 3 can 
result in osteomalacia. Phosphorus deficiency has been shown to result in decreased 
medullary bone mineral and increased medullary bone osteoid (Riddell, Helmboldt 
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and Singsen, 1969; Barr. and Hurwitz, 1983). Similar general changes have been 
observed in birds that were fed on diets deficient in calcium and vitamin D 3 (Bloom 
et al., 1958; Zambonin-Zallone and Mueller, 1969; Antillon et al., 1977; Wilson and 
Duff, 1991). 
Osteomalacia thus primarily affects medullary bone which, as has been observed 
previously, contributes little to the strength of the bone. However medullary bone can 
be mineralised at the expense of cancellous bone any loss of which will lead to 
structural weakness. In confirmation of this, clinical signs of cage layer fatigue have 
been observed in birds fed deficient diets. Thus paralysis has been observed in hens fed 
on a low-calcium diet (Mehring and Titus, 1964) and phosphorus deficient diets have 
caused leg weakness, paralysis and fractures of spinal and other bones (Simpson et al., 
1964; Singsen et al., 1969; Riddell, Helmboldt and Singsen, 1969). 
Osteoporosis 
In osteoporosis there is a decrease in the amount of bone tissue, the matrix of which 
is normally mineralised. In hens, a decrease in the amount of cancellous and cortical 
bone will result in bone fragility. Osteoporosis can be induced experimentally in 
poulty by the administration of high doses of oestrogen to cockerels and laying hens. 
This stimulated medullary bone formation in both sexes and resulted in a reduction in 
thickness of the cortex of the femur and tibia. Enlarged haversian canals within the 
cortex contained medullary bone. These bones were brittle and easily broken (Urist 
and Deutsch, 1960). These studies show that the occurrence of osteoporosis in chick-
ens does not imply an impaired calcium status; it can occur as a result of a net 
resorption of cancellous bone and a physiological change in the partitioning of bone 
between cancellous and medullary components. 
Field observations 
Several structural studies have been carried out on field cases of osteopenia. Urist and 
Deutsch (1960) described an osteoporosis that was apparent in white leghorn hens at 
the age of one year, but was more severe in older hens. It was characterised by a 
decrease in the thickness of the cortex of leg bones. Resorption of this bone increased 
the thickness of the marrow cavity and the haversian canals within the cortex. Bone 
tissue was fully calcified: medullary bone was present in the haversian canals and 
radiology did not suggest a decrease in overall amount of bone. Nevertheless the bones 
were brittle and liable to fracture during handling of the birds. Adrenals were atrophied 
and it was suggested that the condition resembled senile osteoporosis in other species. 
Urist(1960) subsequently suggested the name 'cage layer osteoporosis' to describe the 
avian condition. A further identification of osteoporosis in caged layers was made by 
Bell and Siller (1962) who noted a considerable thinning of cortical and cancellous 
bone trabeculae in affected birds, leading to the bones being flexible, rather than brittle 
or friable. There appeared to be marked activity of both osteoclasts and a general lack 
of osteoid on trabeculae. Phosphate, calcium, magnesium and citrate levels in plasma 
were normal but alkaline and acid phosphatase activities were generally higher in 
affected birds. Parathyroid glands appeared histologically normal. In a more recent 
survey of osteopenic birds, Randall and Duff (1988) observed that, although the 
majority of birds were osteoporotic, osteomalacia also occurred. 
In many other commercial situations, diagnoses of osteopenia or cage layer fatigue 
have been made on the basis of the presence of fragile or broken bones. Experimental 
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reports often contain values for bone ash or strength. However these observations do 
not give any insight into the cause of the problem: bone ash values may not identify 
repartitioning of bone between medullary and cancellous components and assessments 
of strength do not distinguish between osteomalacia and osteoporosis. To gain this 
information, structural studies involving histopathology are needed. It is important to 
know the cause of the problem, so that a solution can be identified. Osteomalacia 
should be responsive to dietary modification of calcium, phosphorus or vitamin D 3 
levels but osteoporosis is likely to require a solution of a more fundamental and 
physiological nature. 
Experimental studies on bone structure 
A programme of research into the nature and causes of osteopenia has been in progress 
at IAPGR, Roslin, over the last few years. The research has been based on histopathol-
ogy and histomorphometry using specialist staining techniques on decalcified and 
undecalcified bone sections. These studies have quantified the cancellous and 
medullary components of various bones especially the free thoracic vertebra (FFV) 
and proximal tarsometatarsus (PTM) and identified associated morphological features. 
In the course of these studies measurements have been made on a large number of birds 
obtained from various commercial and experimental situations. The birds were all fed 
on conventional laying hen diets (nutritional modification was not part of these stud-
ies). Extensive osteopenia has been observed in these studies, and this has been 
associated almost entirely with osteoporosis. 
Bone structure in males and females at different ages 
A study has been carried out on bone characteristics at different ages in males and 
females from a commercial laying strain (Wilson, Duff and Whitehead, 1992). At 4 
weeks of age, bone sections from males and females had similar histological appear-
ances. Newly formed cancellous bone trabeculae were lined with substantial seams of 
osteoid. At 12 weeks there were still no differences between sexes, but the cancellous 
bone trabeculae were thicker and the network was more extensive than at 4 weeks. 
However osteoid occurred in smaller quantities than at 4 weeks. By 25 weeks major 
differences were apparent between the sexes. Females showed thinner trabeculae and 
lower trabecular bone volumes (TBVs) in FTV sections compared to males, as indi-
cated in Table 14.1, and no evidence of trabecular bone osteoid (TBO), in contrast to 
males where the volume of TBO was 4%. In sections of proximal femurs from females, 
medullary bone was variable in volume and well mineralised, although discrete quan-
tities of osteoid were visible on the periphery. 
As the birds aged trabecular bone volumes declined in both sexes, though this effect 
was much more marked in females (Table 14.1) which by 60 weeks had only about 
50% of the TBV found in the FTV of males at the onset of maturity. However the 
distributions of FTV values given in Figure 14.1 show that at all ages there was a very 
wide range of individual values, with about a 3-fold difference between the extremes 
for females at most ages. Thus, whereas some hens would be classified as very severely 
osteporotic by the criteria suggested in Figure 14. 1, other birds had normal TBV or 
were only mildly osteoporotic, even at 60 weeks of age. Illustrations of these differ-
ences are given in the accompanying figures. Figure 14.2 shows the robust trabecular 
bone structure of a male FTV, with seams of TBO. Figure 14.3 shows the more slender 
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Figure 14.1 Distributions of trabecular bone volumes (TBV) in the free thoracic vertebrae of male and 
female chickens at different ages 
trabecular bone structure in the FTV of a hen at 42 weeks and Figure 14.4 illustrates 
the FTV of a severely osteoporotic hen at 42 weeks. In neither of the hens is there 
evidence of TBO. However, in hens that had regressed ovaries, distinct seams of 
osteoid were apparent on bone trabeculae (Figure 14.5). Comparisons of bone struc-
ture in the femur are shown in Figure 14.6 for a normal hen and Figure 14.7 for an 
osteoporotic hen. Again, the latter shows a much more slender trabecular bone struc- 
Figure 14.2 Undecalcilied section of hee thoracic vertebra froin 25-week-old male 	ing thick 
cancellous bone trabecula (TB) lined with osieoid (TBO). Von Kossa stain 
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Figure 14.3 Lindecaletied section of free thoracic sertebra from 42-week-old hen showing more slender 
cancellous bone traheculae and no osteoid. Von Kossa stain 
ture but the amounts of medullary bone are quite similar in both hens. Differences in 
structural bone content between the sexes were very great at 60 weeks of age and were 
widespread in bones around the body. Figures 14.8 and 14.9 illustrate the differences 
in FTV structure between males and females and Figures 14.10 and 14.11 show 




Figure 14.4 Undecalcilied section of free thoracic vertebra from severely osteoporotic 42-week-old hen 
showing very slender bone trabeculae. Von Kossa stain 
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Figure 14.5 Undecalcitied section of free thoracic vertebra from hen with regressed ovaries shosing hone 
trabeculae (TB) lined with osteoid (TBO). Von Kossa stain 
female bones are visibly much fewer, thinner and more vacuolated than in the males. 
None of the birds examined in this study showed any signs of osteomalacia: cancellous 
bone trabeculae were adequately mineralised in all cases and medullary bone showed 
a degree of mineralisation considered normal. The observed decline with age in the 
amount of normally mineralised trabecular bone is consistent with the definition of 
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Figure 14.6 Undecalcified section of femur from normal hen showing trabecular (TB) and medullary bone 
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Figure 14.7 Undecalcitied section of femur from osteoporotic hen showing slender bone trabeculae but 
normal amounts of medullary hone. Von Kossa stain 
Table 14.1 Volumes (%) of trabecular bone (TB) 
and trabecular bone osteoid (TBO) in the free 
thoracic vertebrae of male and female chickens at 
different ages 
Age (weeks) 
Sex 25 42 	60 
 TB { 
TBO 
22.2 22.4 	17.7 
Male 4.6 2.7 4.1 
Female 
{  TB 16.1 12.7 	11.8 
TBO 
and females. In males the decrease in mean TBV, in the presence of continued osteoid 
formation, resembles the type II osteoporosis seen in both men and women. This is an 
age-related loss of trabecular bones reflecting long-term remodelling efficiency (Riggs 
etal., 1982). In contrast, the trabecular bone loss seen in hens did not resemble either 
type I or type II human osteoporosis. 
In hens the loss in trabecular bone with age occurred in the presence of medullary 
hone but in the absence of the trabecular bone osteoid. This lack of trabecular bone 
osteoid in reproductively active hens has previously been reported by Bell and Siller 
(1962) in the course of a study on cage layer fatigue. The identification of trabecular 
bone osteoid in the few older hens that had ceased egg laying suggests that osteoporo-
sis in hens is associated with a cessation of trabecular hone formation related to 
reproductive activity. This is thus different to type I human osteoporosis which in-
volves a postmenopausal loss of trahecular bone caused by increased hone resorption 
resulting from a lack of oestrogen (Marcus. 1991), 
In hens, the onset of bone loss at a younger age than in males and the absence of 
trabecular osteoid in the presence of medullary bone and osteoid suggest that while 




Figure 14.8 Llndecalcitied cross-section of F]\ tioni 60-cck-old male. Von Kossa strain 
medullary bone is being formed trabecular bone formation does not occur but resorp-
tion does. In man, bone remodelling is thought to be a continuous cycle of destruction 
and renewal carried out by bone remodelling units' (Marcus, 1991). Remodelling is 
stimulated by hormonal or physical signals which recruit marrow precursor cells to 
bone surfaces where they fuse to form osteoclasts which form a resorption cavity. 
Coupled to this resorption is a subsequent period of bone formation in which 
preosteoblasts, attracted into the resorption cavity by local release of chemical media-
tors, replace missing bone by firstly laying down osteoid then mineralising it. Hence 
bone formation is coupled spatially and temporally to bone resorption (Parfitt et al.. 
1983; Marcus, 1987). However, the assumption of continued resorption and lack of 
formation of trabecular bone in the present study suggests that such a coupling of 
osteoclasts and osteoblasts does not occur in reproductively active laying hens. Further 
studies are required to determine the cellular mechanisms associated with trabecular 
bone loss in laying hens and should consider the possible role of osteocytic osteolysis. 
Regardless of the actual mechanisms involved, a prolonged shift from the production 
of trabecular to medullary bone is likely to have important implications for skeletal 
integrity because medullary bone is not thought to have a structural function (Bell and 
Freeman, 1971). 
It is of considerable relevance to avian osteoporosis to establish the'normal' ranges 
of trabecular bone volumes and threshold values that might be associated with in-
creased incidences of fractures. In man a threshold value has been found to be 11% 
TBV in the iliac crest in patients suffering a fracture (Parfitt etal., 1983). In the present 
study, TBV in the FTV or males was relatively constant over a period 25 to 42 weeks 
and had a value (mean ± SD) of 20.7 ± 4.8. Individual distributions of TBV are given 
ii 
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Figure 14.9 tindecalcified cross-section of Fly from 60-week-old hen. Von Kossa strain 
in Figure 14.1 and suggest that the normal range extended from 16% upwards. Values 
below about 16% TBV in the FTV might therefore be considered to be osteoporotic. 
Establishment of normal TBV in hens is less easy. The hens came into lay at about 21 
weeks, but TBV was not measured until 25 weeks. Individual TBV values were very 
variable, and the mean was substantially lower than for males. Given the relatively 
constant rate of decrease of mean TBV in hens after 25 weeks, it is probable that TBV 
was higher prior to the onset of sexual maturity than at 25 weeks. However, further 
information is required regarding trabecular and medullary bone characteristics in hens 
during the onset of sexual maturity before it is known whether TBV values for males 
are indicative of peak bone volumes and normal ranges in hens. Until more detailed 
information is obtained, the finding that hens with TBV of less than 16% in the FTV 
had sparse and slender traheculae suggests that this value may represent a threshold for 
osteoporosis in hens. A possible classification of the degree of osteoporosis in relation 
to TBV in the FTV is suggested in Figure 14.1 
Strain c.tflflpclnwfls 
Bone structure has been compared in 3 strains of hen housed under the same conditions 
up to 70 weeks. Significant differences were found in TBV in the PTM. Lowest TBV 
was shown by one of the high performance hybrid strains, but another such strain had 
the same TBV as a broiler x la yer cross. The strain with lowest TBV was also found 
to show the lower bone strength and a higher incidence of bone breakage than the other 
strain with which it was compared. These results are summarised in Table 14.2. 
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Figure 14.10 Undecalcihed section of middle toe horn 60-eek-old male. Von Kossa stain 
Figure 14.11 Undecalcified section of middle toe from 60-week-old hen. Von Kossa stain 
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Table 14.2 Strain comparisons at 70 weeks 
Strain 	 A 	B 	C 
TBV (%) in PTM 	 13.1 	10.9 	13.1 
Bone strength (kg) 
Humerus 	 18 	13 
Tihiotarsus 24 16 
Incidence of birds 
with broken bones (%) 	16 	20 
Effects of exercise 
Bone structure at start of lay. If a hen is faced with a gradual decline in bone volume 
throughout the laying cycle, it is important for it to have maximised its structural bone 
volume prior to lay. Environmental methods of achieving this were studied by rearing 
birds under 3 regimes, namely on litter floors, in cages or giving caged birds repeated 
periods of exercise on a carousel. The birds were killed when they laid their first egg. 
The different treatments had no effect on age or body weight at first egg. Bone volumes 
are given in Table 14.3 and show no effect of treatment on TBV in either the FTV or 
PTM. It thus appears that management systems designed to give birds a greater 
opportunity to exercise the rearing period have little effect on morphological charac-
teristics of bone at the onset of sexual maturity. 
Table 14.3 Effects of exercise, cage and floor rearing on tra- 
hecular (TB) and medullary (MB) bone volumes (%) at first 
egg 
Cage 	Floor 	Exercise 
Free thoracic vertebra 
TB 15.1 15.0 14.4 
MB 0.07 0.03 0.04 
Proximal tarsometatarsus 
TB 18.1 19.2 18.2 
MB 3.1 1.9 2.7 
Bone structure at end of lay. The effect of exercise during the laying period has been 
studied by comparing bone characteristics in hens housed from 18 to 72 weeks with 
and without fitted perches. Table 14.4 shows a significantly greater TBV in the PTM 
of birds housed in the cages fitted with perches. A significant correlation (r = 0.50) was 
shown between TBV and the time the birds spent on their perches. However the 
magnitude of the difference in TBV between the treatments was not large and all the 
hens in both groups were considered to he osteoporotic, though to varying degrees. It 
can be concluded therefore that allowing birds a greater opportunity to exercise during 
the laying period has only a relatively small beneficial effect in slowing the rate at 
which structural bone resorption occurs. Other factors, presumably mainly genetic, are 
much more influential in determining the bone structure of hens at the end of lay. 
Structural relationships between different hones 
The effects of osteoporosis are seen in a wide variety of bones. In the course of our 
studies, qualitative decreases in the amounts of structural bone with age have been 
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Table 14.4 Effects of housing hens in cages 
with or without fitted perches on the volumes 
(%) of trabecular bone (TB) and medullary 
bone (MB) in the proximal tarsometatarsus at 
70 weeks of age 
With perches 	Without perches 
TB 	13.2 	 11.4'  
MB 7.0 6.7 
Significantly different (P <0.05) 
observed in bones of the spine, wings, legs and toes of hens. In assessing the effects 
of osteoporosis and the criteria that can be used for identifying its presence and degree 
of severity, it is interesting to have quantitative comparisons of structural volumes in 
different bones. 
Bone structure has been studies most intensively in the FTV, as part of the axial 
skeleton, and the PTM, as a part of the appendicular skeleton. Comparisons of TBV 
in these bones are available for birds at the start of lay and at 70 weeks of age. 
Correlations between FlY and PTM were high (r = 0.64) at the start of lay but were 
much lower, though still positive (r = 0.20) in the 70-week-old hens. These results 
confirm that avian osteoporosis is a generalised skeletal phenomenon. However, al-
though either bone can be used to give information on the degree of osteoporosis, it 
is apparent that individual factors can influence the rate at which structural volume is 
lost from different bones. The data suggest that the overall rate of loss may be slightly 
higher in the FTV and, where only one bone is used as a criterion of osteoporosis, the 
FIN might be the one of choice. However it is possible that environment may affect 
the rates of loss of structural volume from different bones. This is suggested from 
comparisons of humerus and tibia breaking strengths; birds housed in a perchery 
showed a relatively greater improvement in the strength of the humerus compared to 
birds in cages (Knowles and Broom, 1990). At present it is therefore not possible to 
propose a single criterion of osteoporosis that will be reliable under all conditions. 
Relationships between trabecular and medullary bone 
The distribution of bone between its different components is obviously important in 
determining its overall strength, especially as medullary bone, as the labile calcium 
reserve for shell formation, is not thought to contribute to bone strength. The partition-
ing of bone between trabecular and medullary components is therefore of interest. Data 
on MBV and TBV in comparable groups of hens of the same or different strains are 
given in Table 14.5. In these groups of the same strain at the age of first egg, correla-
tions between medullary and trabecular components in the PTM were very variable, 
put positive. MBV in these birds was quite low and it is probable that medullary bone 
growth was still taking place at this age. If medullary bone growth occurs partly at the 
expense of trabecular bone, it is possible to speculate that initial growth occurred 
fastest in birds with the most trabecular bone, and this could account for the positive 
correlations. 
In older birds, in the age range 70-72 weeks, both trabecular and medullary bone 
volumes showed variations between Strains and comparable groups. Strain compari-
sons showed a negative correlation between these two bone components and pheno-
typic correlations within group, though variable, were generally also negative. This 
data is still too limited to draw firm conclusions but are compatable with a theory that 
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Table 14.5 Relationships between trabecular (TB) and medullary bone (MB) volumes 
(%) in the proximal tarsometatarsus of groups of hens at different ages 
Age 
Strain A A A 
1st egg TB 18.2 18.1 19.2 
MB 2.7 3.1 1.9 
r 0.68 0.40 0.04 
Strain A A A B C 
70-72 weeks TB 13.2 11.4 10.9 13.1 13.1 
MB 7.0 6.7 10.6 4.1 4.9 
r 0.33 —0.46 —0.62 —0.15 —0.08 
n = 15-20 
Horizontal lines indicate birds in experimentally comparable groups 
medullary bone formation and remodelling occurs partly at the expense of trabecular 
bone. The one group of 72-week-old hens that showed a positive correlation between 
medullary and trabecular bone components were birds that had been housed in cages 
fitted with perches. Does this suggest that exercise can affect the partitioning of bone? 
More information is required on the cellular and other factors that influence the 
distribution of bone between its different morphological components. 
The way ahead 
The information on the morphology of the hens' bones just described indicates that 
osteopenia is attributable to osteoporosis. Much more information is needed on the 
characteristics and aetiology of avian osteoporosis before practical solutions to the 
industrial problem of broken bones in hens can be provided. Our information would 
suggest that the problem is largely genetic in origin, resulting from the breeding of 
light weight, energetically efficient birds that remain in a high rate of lay for a 
prolonged period. Continuous loss of structural bone over the laying period results in 
weak bones. The situation is apparently compounded by management practices. Ear-
lier sexual maturity may bring birds into lay before bone mass has been maximised, 
inactivity induced by caging systems may accelerate structural bone loss and subopti-
mal nutrition, even for a short period, may contribute to the loss of structural bone 
which, as has been suggested, does not seem to be regenerated while the birds remain 
in lay. 
It is possible to speculate on possible strategies for prevention of avian osteoporosis. 
Optimal nutrition will contribute. Later sexual maturity may allow the birds to develop 
more bone during the growing period, and a pause in the laying cycle should allow 
birds to regenerate lost bone. More exercise may help, though some caution is required 
in this area. Experience with some aviary systems has shown that allowing birds 
freedom to fly can lead to increases in fractures in the axial skeleton as a result of 
collisions, bad landings etc. Changes in management are thus unlikely to completely 
overcome problems inherent in genetically weak structures. A genetic solution may be 
possible, however, resulting from the breeding of completely new strains, or selection 
within existing strains, for evidence suggests that even in current hybrid strains, there 
is a considerable individual variation in the end of lay bone structure. However for this 
approach to be possible new techniques will be needed for identifying or predicting 
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bone structure in old hens. Finally, there is the possibility of pharmacological help. 
Drugs are used to treat human osteoporosis and preliminary evidence is suggesting that 
diphosphonate can help to prevent the resorption of trabecular bone in hens (Thorp, 
unpublished). 
All of these potential solutions, or contributions to the solution of the problem of 
avian osteoporosis still require research involving a variety of disciplines including 
behaviour, management, nutrition, biochemistry, cellular and molecular biology, ge-
netics, pathology and biomechanics. The work reviewed in this paper has concentrated 
mainly on the morphological characteristics of osteoporosis. Many other researchers 
base their conclusions on measurements of bone strength. However, mechanical forces 
that influence the formation and remodelling of structural bone may differ from those 
that result in injury to bones, and both types may differ from the force involved in the 
frequently used 3-point loading test for bone breaking strength. There is as yet little 
information available on relationships between bone structure and strength character-
istics. Objective criteria are needed for a proper definition of avian osteoporosis. We 
have proposed some provisional structural criteria, but more information on both 
structural and strength characteristics of different bones is needed before a more exact 
definition can be proposed. 
Summary 
Osteopenia in laying hens is attributable mainly to osteoporosis. This is characterised 
by a progressive decline in trabecular bone volumes of various bones after the onset 
of sexual maturity. This resorption of trabecular bone occurs in the absence of osteoid 
and bone formation, but there is evidence that bone formation can recommence in birds 
that cease to be reproductively active. Trabecular bone volume at the onset of sexual 
maturity is little affected by the husbandry system during rearing but the rate of 
trabecular bone loss appears to be lessened by exercise during lay. There are strain 
differences in bone structure and there may be an inverse relationship between trabec-
ular and medullary bone volumes. Research in a variety of disciplines is needed before 
the aetiology of avian osteoporosis can be adequately described and solutions pro-
posed to the welfare and production problems associated with the condition. 
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SECTION 6 PAPERS 
CYSTIC DILATATION OF THE SEMINIFEROUS TUBULES 
IN THE FOWL: A SEQUEL OF SODIUM INTOXICATION 
W. G. SILLER, W. A. DEwAR AND C. C. WHITEHEAD 
Poultry Research Centre, King's Buildings, West Mains Road, 
Edinburgh 
PLATES Cil—CYI 
CYSTIC testes have been observed previously in one 6-wk-old chick, among 
a group of 65 that had been fed, from hatching, on a diet of boiled egg 
(Siller, 1961). 
The only report of a similar testicular lesion then known to the author was that of Shorb, 
Walker and Keene (1960), who had also reared their fowls on a diet containing boiled egg. 
In view of the low incidence it was not possible, at that time, to establish the cause of this 
hydropic distension of the seminiferous tubules. In a recent experiment designed to investigate 
the effects of fats on mineral retention (Whitehead, Dewar and Downie, 1971) in which egg 
albumen was used as a source of protein, two cases of cystic testis were encountered. 
It was only when Dewar and Siller (1971) showed that in turkeys the deleterious effect of 
albumen was attributable not to the albumen itself but to its high sodium content, that the 
possible connexion between the testicular lesions and sodium toxicity became apparent. A 
search was made of the literature on salt poisoning in the fowl, and this revealed that in the 
past a few authors had mentioned testicular cysts as coincidental observations (Selye, 1943; 
Krakower and Goettsch, 1945; Blaxland, 1946; Kare and Biely, 1948). Apparently, 
however, these lesions did not arouse sufficient interest to have stimulated a detailed morpho-
logical description or a discussion of the pathogenesis. The only author to publish illustra-
tions of similar lesions (Boas, 1958) had produced them by the subcutaneous injections of 
the salt-retaining hormone desoxycorticosterone acetate (DCA). Selye (1942) had also 
found cystic lesions in the testes after similar treatment, but he did not discuss them in detail. 
It is the purpose of the present communication to describe the pathology 
of these, specific and apparently unique testicular lesions that develop as a 
result of feeding a diet of high sodium content. 
MATERIALS AND METHODS 
188 day-old male chicks of broiler type were divided into experimental groups as shown 
in table I. They were caged in groups of four or five and provided with drinking water and 
the appropriate diet ad libitum. All birds killed at the termination of the experiment and those 
dying beforehand were examined post mortem. In all cases the testes, mesonephroi and 
kidneys were fixed in formol-saline or Susa and processed for histological examination. 
Experiment I 
The effects of two diets with different protein source but similar sodium content were 
compared. 
Group A. 45 chicks were reared on diet A, which had egg albumen as the protein source 
Received 3 July 1971; accepted 22 Nov. 1971. 
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and a total sodium content of 052 per cent. After 3 wk half the survivors were killed; the 
remaining birds were maintained on the experimental diet for a further 2 wk. 
Group B. 45 chicks were reared on the control diet B, which contained 40 per cent. promine 
D as the protein source and 061 per cent, sodium. The environmental conditions were 
identical with those of group A. 
Experiment II 
The effects of feeding two diets that differed in their sodium content were compared. 
Group C. 50 chicks were reared on the Centre's normal chick mash (Bolton, 1967), 
which had a total sodium content of 013 per cent. 
Group D. 48 chicks were reared on the Centre's chick mash to which sodium chloride 
had been added so that the total sodium content was 1'13 per cent. 
TABLE I 






sodium (per cent.) 
Expt I 
Group A 45 Basal diets  60 parts 0'52 
Egg albument 40 parts 
Group B 45 Basal diet 60 parts 0'61 
Promine DI 40 parts 
Expt If 
Group C 50 Normal chick mash 013 
Group D 48 Normal chick mash+2'5 1'13 
per cent. added NaCI 
* Parts by weight: starch 46, maize oil 5, totanin 2, vitamins and minerals 7. 
t Henningsen Inc., New York. 
Central Soya International Inc., Brussels. 
§ Bolton (1967). 
RESULTS 
In experiment I, six birds of group A died between the 4th and 8th days 
and in group B another six birds died between the 3rd and 5th days. 
In group C of experiment II one of the 50 chicks on normal diet died on 
the 2nd day. The remainder survived until the experiment was terminated. 
In group D the effects of the excess sodium in the diet were so great that 
23 birds died or were killed in extremis before completion of the experiment. 
Many of these showed a combination of cardiovascular changes including 
cardiac dilatation, hydropericardium, ascites and subcutaneous oedema. 
Similar changes were observed in three of the birds that survived to the 
termination of the experiment and many of the survivors showed renal 
glomerular lesions. 
Testicular lesions 
The most remarkable finding in many birds was a cystic dilatation of the 
seminiferous tubules. 
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Frequency. Table II shows that the elevation of the dietary sodium content 
to 052 per cent. was sufficient to cause cystic testes in a number of birds, 
and a dietary level of 113 per cent. induced similar lesions in more than a 
third of them. Of the affected testes about one-third could be identified only 
by histological means; in the rest the changes were obvious to the unaided 
eye (figs. 1-3). 
Macroscopic findings 
In severely affected cases massive enlargement of the testes was immediately 
recognised. In normal 18-day-old birds (group C) the average combined 
testes weight was about 096 g, whereas the two testes shown in fig. 3 weighed 
TABLE II 
Early mortality and testicular lesions in birds fed on diets containing 
a range of concentrations of sodium 
Group Dietary sodium (per cent.) mortality 
Early  
Number (and percentage) of birds in which testicular 
lesions were identified 
macroscopically histologically by both methods together 
A 052 6/45 3 1 4(8-8) 
B 061 6/45 1 0 1 (22) 
C 013 1150 0 0 0(0) 
D 113 23/48 13 5 18 (375) 
959 g. The heaviest combined testicular weight of 1441 g was recorded in 
an 18-day-old chick of less than average body weight (group D). 
Although the condition was usually bilateral the two testes were often 
unequal in size and sometimes only one appeared to be cystic (fig. 1). The 
enlargement was due to the accumulation within the organ of a large quantity 
of water-clear fluid, containing no obvious material in suspension. Damage 
to, or incision of the capsule led to a sudden collapse of the organ with effusion 
of the fluid, so that dissection became impossible, but the multiocular, sponge-
like structure of the testes could be seen through the capsule (figs. 1-3). 
Histology 
Normal testes. In histological sections the immature testes of normal 
18-day-old fowls were characterised by small but frequently branching semini-
ferous tubules or cords, about 50-60 m in diameter, distributed loosely in 
a mass of very cellular interstitium (fig. 4). The tubules, many of which 
already showed evidence of a lumen, were lined by tightly packed undiffer-
entiated cells with basally situated, densely stained nuclei. A few larger, more 
vesicular nuclei could be seen towards the more central part of some cords 
(fig. 5). A comparison with the mammalian condition (Gier and Marion, 
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1970) leads us to believe that the lighter nuclei belonged to the primitive 
spermatogonium. The basal line of cells eventually differentiates into Sertoli 
and sperm-producing cells. 
Cystic testes. The earliest lesions were not recognised by gross examination 
and consisted of enlargement of the seminiferous tubules due largely to dilata-
tion of the lumen. In some cases the undifferentiated epithelium of the 
seminiferous tubules became hypertrophied (fig. 6), and the epithelium tended 
to be taller than in the normal state (fig. 7). The nuclei were less crowded 
and dense and the cells showed distinct stratification (fig. 8). The tubular 
epithelium had assumed an appearance of increased activity. Most striking, 
however, was the enlargement of the lumen which, in sections, appeared empty, 
apart from a small amount of amorphous material. The interstitial tissue 
seemed not to be involved at this stage, although increasing tubular distension 
led later to progressive compression of the interstitium. 
Dilatation of interstitial blood and lymph capillaries had been seen in 
some cases (fig. 9), but similar capillary distension also occurred in normal 
testes from birds on a control diet low in sodium. 
Advanced lesions. Progressively more seminiferous tubules became affected 
until they all showed enlarged lumina of bizarre shape. The columnar epi-
thelium was not so tall (fig. 10), the cells were regular, the nuclei were situated 
at midheight and the lumina appeared empty. 
The compression of the interstitium was not very prominent, but in the 
hilar region the involvement of the rete testis was obvious (fig. 11). It became 
distended, but its nuclei retained the characteristic beaded arrangement. The 
remainder of the efferent duct system was not involved. 
Severe lesions. Figures 1-3 show greatly enlarged testes, which were graded 
as severe on histological examination. The enormous distension of the 
seminiferous tubules is shown in fig. 12, in which the walls of the cystic tubules 
are seen to be somewhat collapsed, due to loss of intratubular pressure during 
fixation. The epithelium was completely flattened, almost squamous in 
appearance. The interstitial tissue had been severely compressed and appeared 
in some areas to be absent, with the result that occasionally one could see 
that the basement-membranes of two adjacent tubules were almost in contact. 
Fine granular debris was visible in some of the dilated tubules. 
The mesonephros, which was of considerable size in these young birds, 
showed no histological deviation from that of normally fed chicks of similar 
age. The regressing mesonephric tubules, containing numerous, sudan black-
positive lipofuscin droplets of varying size were surrounded by a thick fibrous-
tissue capsule and did not take up intravenously injected trypan blue as do 
functional proximal convoluted tubules of meso- or meta-nephric kidneys. 
The large glomerular elements showed no obvious evidence of function and, 
although the capsule was sometimes distended, it was not possible to identify 
patent capillary loops in the contracted tufts; periglomerular fibrosis was 
advanced. 
The kidneys showed sclerotic glomerular changes comparable to, but 
milder than, those produced by Selye (1942) with salt diet. 
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DIscussioN 
Cystic conditions of the testis of mammals are rare and occur in the form 
of spermatoceles or hydroceles, although in testicular teratomata cysts can 
develop within the testis itself. In our experience, and our view is supported 
by the lack of any contrary reports in the literature, a hydropic distension of 
seminiferous tubules does not occur spontaneously in fowls. It is apparently 
encountered only in birds that are fed on a high sodium diet or receive the 
salt-retaining hormone DCA. According to Boas (1958) the effect on the 
testis is directly proportional to the dose of DCA, and he points out that such 
experimental lesions have not been produced in other species. However, this 
must apply to the mammal only, because the turkey is as susceptible as the 
fowl (Dewar, Whitehead and Siller, unpublished). Ligation of the mammalian 
epididymis can cause a moderate dilatation of the seminiferous tubules, but 
large cysts similar to those of the fowl are unlikely to occur in mammals 
because, as Berblinger (1928) points out, the tough and tightly stretched tunica 
albuginea would tend to prevent cyst formation. 
It is difficult to understand why a high salt diet should have such a remark-
able and selective effect on the seminiferous tubules of the testes. Certain 
circulatory disturbances such as ascites and subcutaneous oedema, cardiac 
dilatation and hydropericardium occur in some individuals on the experi-
mental diet, but no other organs show hydropic changes similar to those of 
the seminiferous tubules. 
It is well known that under normal conditions the seminiferous tubules of 
adult mammals secrete a considerable amount of fluid, which drains through 
the rete testis and efferent ducts into the epididymis, where much of it is 
reabsorbed (Setchell, 1970). Ligation of the efferent ducts causes secretion 
against pressure and a consequent moderate dilatation of the tubules with 
turgor of the testis (Tuck et al., 1970) and eventual atrophy of the tubular 
epithelium (Baillie, 1962). In rats and rams, for instance, this fluid secretion 
commences with the onset of puberty, at a time when the Sertoli cells attain 
their adult form (Flickinger, 1967) and, according to Setchell, it is most likely 
that the Sertoli cells produce fluid by active secretion. The seminiferous 
tubules of birds also produce such fluid, but it is not known whether the 
composition and mode of secretion are the same as in the more thoroughly 
investigated mammals. 
It is possible that in our young, salt-fed birds the immature seminiferous 
tubules were stimulated into secretory activity by a mechanism which is as 
yet obscure; figs. 6-8 suggest such activated epithelium. It seems, then, 
that the seminiferous tubules secrete fluid that distends their lumina and, when 
the secretion continues against pressure, eventually forms cysts with severely 
compressed epithelium. If this is the true explanation one must assume that 
the efferent ducts are not patent either because of stenosis or other physical 
obstruction, or because of immaturity of the duct system. The last seems 
to be the more likely explanation, since no obstructing lesion has been found. 
Moreover, in rats it has been shown that complete patency of the rete is not 
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established until the onset of spermatogenesis (Roosen-Runge, 1961). But 
although the majority of previously reported cystic testes occurred in birds 
that had been given the experimental diet from an early age, when immaturity 
of the rete may be assumed (Selye, 1942, 1943; Kare and Biely, 1948; Boas, 
1958; Siller, 1961), there is one case reported by Blaxiand (1946) where an 
adult cockerel on a diet containing 10 per cent. NaCl developed cystic testes. 
A different explanation must be sought for this exceptional case, so the 
questions of both fluid secretion and fluid retention remain open until further 
information becomes available. 
Consideration was also given to the possibility that the already atrophied 
mesonephros was stimulated into secretory activity by the salt diet. Fluid so 
produced might then have passed in a retrograde direction into the seminiferous 
tubules. However, no evidence could be found by microscopic examination 
or after the injection of intravital dyes to suggest any re-establishment of 
functional activity in the mesonephros. 
SUMMARY 
Chicks were fed for 3 wk from hatching on experimental diets in which 
the sodium level had been varied from the normal 013 per cent. to 052 
and 113 per cent. Apart from certain cardiovascular and renal lesions the 
testes showed the only striking changes. In the early stages the seminiferous 
tubules of these immature organs were hypertrophied; later they were trans-
formed into thin-walled cysts containing water-clear fluid. In some cases the 
increase in testicular size was ten-fold or more. The histology and patho-
genesis of the testicular lesions are discussed. 
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FIG. 4.—Group I. (diet containing 0 - 13 per cent. sodium). Normal testis. Much interstitial 
tissue surrounds the branching immature senhiniki.'u' tubules. Haernatoxylin and eosin 
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FIG. 5.—Group C. The seminiferous tubules are lined by deneIs staIning and unditicrentiated cells. 
Lighter nuclei are interspersed at intervals and some tubules already show a lumen. HE. 	540. 
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FIG. 7.—Group D. The seminiferous tubules on the left are normal in appearance, those on the right 
have hypertrophied epithelium and distended lumina. HE. x210. 
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also of the interstitial vessels. Although this bird has received a diet high in sodium, similar 
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SYNOPSIS 
Testicular cysts have been recognised as a new sign of sodium toxicity in 
chicks. Practical diets containing different sodium levels were fed to chicks of 
three different strains and the occurrence of testicular lesions was noted. The 
strains varied in their susceptibilities, but cysts were found in birds fed diets whose 
sodium contents would have been regarded as satisfactory by all other criteria. 
INTRODUCTION 
Sodium toxicity in poultry has usually been assessed by growth rate, incidence 
of cardiovascular lesions and mortality. Based on these criteria, it has been reported 
that young chicks tolerate levels of o•8 to i 2% of sodium added to the diet (Barlow, 
Slinger and Zimmer, 1948; Kare and Biely, 1948; Eleazer and Bierer, 1964), 
whereas turkey poults are affected by levels of 036 to o8% added sodium (James, 
1946; Bressler, Gordeuk, Callenbach and Pritham, 1951). In keeping with these 
findings, Dewar and Siller (i) found that turkey poults suffered high mortality 
and had a considerable incidence of circulatory lesions when fed on a purified diet 
containing egg albumen and having a sodium content of 0.56%. Chicks grew 
apparently normally without loss on the same diet. However, a reinvestigation 
by Siller, Dewar and Whitehead (irnp) showed that some chicks fed on a similar 
purified diet developed testicular cysts although they showed no other signs of 
sodium toxicity. Further investigations on the occurrence of such lesions in different 
strains of chicks receiving practical diets ranging in total sodium content from 
0•13 to 1.13% are reported in this paper. 
MATERIALS AND METHODS 
Chicks 
Three of the strains maintained at the Poultry Research Centre (P.R.C.) were 
used: laying strain P—a light body weight stock derived from White Leghorn; 
laying strain Q—a medium body weight synthetic stock derived from Rhode Island 
Red and Light Sussex and broiler strain R—a synthetic stock derived from Cornish 
Game, New Hampshire, Plymouth Rock and Columbian. 
Diets 
The basal diet A was the chick mash used at the P.R.C. (Bolton, 1967). Diets 
B, C, D and E were prepared from diet A by addition of 025, 0 50 , 0 ' 75 and i.00% 
3°' 
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respectively of sodium in the form of analytical reagent grade sodium chloride. All 
diets were fed in mash form. 
Husbandry 
One-day-old chicks were wing-banded, weighed and randomly assigned to 
compartments of electrically heated brooders. Diets A to E were then allotted 
according to a randomised plan; food and water were available ad libitum. Birds 
were weighed at regular intervals; birds which died and all survivors at the end of 
the experiment were autopsied, both testes being retained for histological exami-
nation. 
Chemical and histological methods 
The sodium contents of all diets were determined by atomic absorption spectro-
photometry on hydrochloric acid extracts of the ash remaining after ignition at 
450 °C. 
Both testes from each bird were fixed in formalin and embedded in paraffin 
wax. Longitudinal sections were cut from approximately the central part of each 
organ and stained with haematoxylin and eosin. Dilatation of the seminiferous 
tubules was readily recognised by the criteria described by Siller et al. (in press). 
RESULTS AND DISCUSSION 
The results of the experiment are summarised in Table I. The number of 
birds shown in each group excludes early deaths from intercurrent disease which 
included chilling and omphalitis; these deaths were few in number and were not 
confined to any one strain or group. Birds showing macroscopic evidence of 
testicular cysts are shown separately from those found only on histological exami-
nation. 
The most obvious feature of Table i is the difference in the ability of the three 
strains to tolerate the highest level of dietary sodium (diet E) as judged by the criteria: 
incidence of testicular cysts, circulatory lesions and mortality. The total percentage 
of birds showing cyst formation in the R strain was 42% compared with io% in the 
Q strain and 26% in the P strain. Cardiovascular lesions were seen only in the R 
birds receiving diet E. Five birds showed both cardiovascular lesions and cystic 
testes. The mortality (35%) was also much higher in this group of the R strain 
than in any other group and i i of the 15  birds which died showed evidence of 
,circulatory failure. 
When the diet contained 0.63% sodium the only bird to show testicular cysts 
belonged to strain R. 
Compared with the birds receiving diet A, those from both the R and P strains 
receiving diet E showed a statistically significant (P<o.oi) depression in body 
weight. In strain R the depression has probably been underestimated because at 
autopsy many of the birds were found to contain considerable accumulations of 
ascitic fluid. 
Birds in the R and P strains fed diet B showed a significant increase (P < 005 
and ooi for R and P respectively) in body weight over birds fed on diet A. In 
neither case was the increase sustained at higher levels of sodium. Atkinson, Boucher 
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and Callenbach (1954) investigating a similar increase in 25-d-Old turkey poults 
resulting from an addition of 0.8% sodium to a starter diet reported that almost all 
of the weight gain was attributable to increased water retention. 
It should be noted that if mortality and incidence of circulatory lesions had been 
used as criteria of sodium toxicity, all the diets would have been regarded as satis-
factory for chicks, except diet E when fed to strain R. Using body weight as a 
criterion, all diets would have been regarded as satisfactory except diet E when fed 
to the R and P strains. 
TABLE I 
Summary of effects of different sodium levels in chicks 
No. of birds having 
cystic testes No. of birds 
No. of % Na Age Live wt. r 	 A with circula- Mortality 
Strain birds Diet in diet (d) (g) Macro' 	Micro' Total tory lesions (no. of birds) 
49 A 013 18 283±5•6 o 	o o o o 
20 B 038 18 3Io±64 0 0 0 0 0 
R 16 C o63 18 28o±94 0 	1 I 0 0 
16 D o88 18 286±79 0 0 0 0 0 
433 E 1.1 3 18 24I±9I 1 3 	5 18 52 15 
20 A 013 20 187±59 0 	0 0 0. 0 
23 B 038 20 218 ±49 0 0 0 0 0 
Q 23 C 063 20 '97±47 0 	0 0 0 0 
23 D o88 20 185±67 o r 1 o s 
19 E 1.13 20 183±69 I 	I 2 0 0 
o A 013 22 2I5±57 0 	0 0 0 0 
20 B 038 22 218±43 0 0 0 0 0 
P 20 C 063 22 213±35 0 	0 0 0 0 
18 D o88 22 213±38 i 0 I 0 0 
23 E 1-53 22 1 95±5' 4 	2 6 o o 
Macroscopically discernible. 
2 Recognisable only by histological examination. 
The testicular lesions in this group have been described in detail by Siller, Dewar and Whitehead (in press). 
It is unfortunate that because of the considerable amount of preparative 
work required for histology it was possible to examine only small numbers of birds 
at each level of sodium. It should also be emphasised that as serial sections were 
not taken the figures for the histological findings are minima. 
Whilst the full physiological significance of testicular cysts remains to be 
elucidated, it is clear that the testis of a young bird is a most sensitive organ in its 
response to dietary sodium and establishes a new criterion for the tolerance of 
sodium by the young fowl. 
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Abstract-1. Chicks can develop cystic testes when fed diets containing high 
levels of sodium. 
Cysts developed within I week of feeding a diet containing 1-13 per cent 
sodium. 
The greatest occurrence of cysts was during the second and third weeks 
of life. 
Chicks fed a normal diet for the first 3 weeks of life did not develop cysts 
when subsequently transferred to the high sodium diet. 
INTRODUCTION 
IT HAS recently been shown by Siller et al. (1972) that the inclusion of high levels 
of sodium in chick diets can cause testicular cysts, in addition to the cardiovascular 
lesions which are the usual manifestations of sodium toxicity. Further investigation 
by Dewar et al. (1972) showed that these cystic lesions could be induced, especially 
in broiler chicks, by sodium levels below those required to produce the other 
signs of toxicity. It was suggested, in fact, that the occurrence of these testicular 
lesions defined a new criterion for the assessment of sodium toxicity in the chick. 
In the course of these experiments evidence was obtained that as chicks grew older 
they became less sensitive to dietary sodium. The following experiment was 
therefore conducted to determine the age at which the chick testis is most sensitive 
to dietary sodium and the duration of exposure to an elevated sodium level which is 
required to produce the lesions. 
MATERIALS AND METHODS 
Experimental plan and husbandry 
Groups of day-old male broiler chicks (Gallus domesticus) were weighed, wing-banded 
and housed in compartments of electrically, heated brooders. They were fed the Poultry 
Research Centre chick mash (Bolton, 1967)—sodium content 043 per cent—for 1, 2 or 3 
weeks, then transferred to a diet—sodium content 113 per cent—consisting of the chick 
mash supplemented with sodium chloride for a further 1, 2 or 3 weeks. The latter diet was 
also fed to groups of birds from day-old. After being subjected to these dietary treatments, 
which are shown in Table 1, the birds were killed and their testes were examined. 
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Chemical and histological methods 
Sodium contents of diets were determined by atomic absorption spectrophotometry of 
hydrochloric acid extracts of the ash remaining after ignition at 450°C. 
Unless at least one testis was found to be grossly cystic, both testes from each bird were 
fixed in formalin and embedded in paraffin wax. Sagittal sections were cut from each organ 
and stained with haematoxylin and eosin. Dilatation of the seminiferous tubules was 
recognized by the criteria described by Siller et al. (1972). 
RESULTS 
The results are summarized in Table 1. The number of birds shown in each 
group represents those alive at the end of the experimental period; mortality from 
intercurrent disease or sodium toxicity was generally low. Birds showing macro-
scopic evidence of testicular cysts are shown separately from those in which lesions 
TABLE 1—THE INCIDENCE OF CYSTIC LESIONS IN CHICKS FED 0i3 AND 
113 per cent SODIUM FOR DIFFERENT LENGTHS OF TIME 
No. of weeks No. of weeks 













0 	 1 44 1 2 0 45 
0 2 26 2 4 3 27 
0 	 3 43 3 13 5 42 
1 1 32 2 1 5 19 
1 	 2 36 3 3 7 28 
1 3 31 4 4 5 29 
2 	 1 26 3 0 1 4 
2 2 29 4 0 4 13 
2 	 3 24 5 1 0 4 
3 3 33 6 0 0 0 
Macroscopically discernible. 
t Recognizable only by histological examination. 
were found only on histological examination. The total incidence is the combined 
occurrence of both macroscopic and microscopic cysts, but since serial sections 
would have been necessary to ensure that no early cysts had been overlooked, this 
may be an underestimate. 
The data indicate that the testes of birds older than 3 weeks were not affected 
by subsequent supplementation of the diet with 1 per cent of sodium. Although 
birds fed 113 per cent sodium from day-old were able to develop cystic lesions 
within 1 week, cysts developed mainly during the second and third weeks of life. 
When chicks which had been fed a normal diet for their first week were transferred 
to the sodium-supplemented diet, there was a considerable incidence of cystic 
formation during both of the subsequent 2 weeks. There was, however, little 
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increase in the incidence of cysts when feeding the high sodium diet continued 
during the fourth week. The testes of birds which had been fed a normal diet 
until 2 weeks of age were found to contain lesions 1 week after the birds had been 
transferred to the high sodium diet. The incidence of cysts in these birds increased 
when the high sodium diet was fed for 2 weeks but decreased when it was fed for 3 
weeks. Since no evidence has been obtained to date to suggest that cysts can 
regress in chicks of this age it is probable that this discrepancy is a result of the 
comparatively small sample size. 
DISCUSSION 
The results confirm the earlier findings of Dewar et al. (1972) that the chick 
testis is very sensitive to dietary sodium, and show that this sensitivity varies 
considerably with age. Macroscopically discernible cysts were formed within 1 
week of feeding a high sodium diet, even during the first week of life. Although 
some cysts developed during the first week, the incidence of cystic lesions was 
greatest during the second and third weeks of life; it was further increased during 
this period if a high sodium diet had been fed from day-old. After 3 weeks of age 
the chick testis was apparently unaffected by the level of 113 per cent sodium 
investigated. 
The mechanism by which the cystic dilatation of the seminiferous tubules develops 
is not understood. Siller et al. (1972) have suggested that the excessive dietary salt 
may cause the premature secretion of fluid by the tubular epithelium in some way 
as yet obscure and that this fluid does not escape through the rete testis to be 
absorbed in the ductuli efferentes. One may perhaps postulate that, whatever the 
mechanism by which fluid enters the seminiferous tubules, incomplete patency of 
the efferent duct system could account for its retention and the subsequent develop-
ment of cystic dilation of the tubules in chicks below 3 weeks of age. If that were so 
it would imply that, in the fowl, continuity is established by the age of about 3 
weeks. However, the time of complete patency, which in the rat coincides with the 
onset of spermatogenesis (Roosen-Runge, 1961), is not known in the fowl' 
 further investigation into the pathogenesis of testicular cysts is required, 
the lack of fluid drainage is believed to be of importance, since it is well known that 
in mammals the prevention of fluid absorption by ligation of the excurrent ducts 
above the ductuli efferentes (Tuck et al., 1971) or chemical interference (Mason 
et al., 195 1) results in testicular enlargement due to accumulated fluid and distension 
of the seminiferous tubules. 
A difference in the secretory response of the immature seminiferous tubules 
of the chicks in the present study is probably not the basic explanation for the age 
disparity because it is unlikely that at 6 weeks, when the testes appear to be refrac-
tive to excess dietary sodium, the tubules are less able to secrete than at 3 weeks. It 
is more probable, but still requires confirmation, that the difference is renal in 
origin. It may well be that the kidneys of very young birds, up to 3 weeks of age, 
are unable to cope effectively with the excess intake of salt and it is well known that 
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young birds are more prone to oedema and ascites under conditions of salt loading 
(Krakower & Goettsch, 1945). 
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MORPHOLOGICAL CHANGES SEEN AT SEXUAL MATURITY IN 
EXPERIMENTALLY INDUCED CYSTIC TESTES 
OF BROILER FOWLS 
W.G. SILLER, W.A. DEWAR and C.C. WHITEHEAD 
Agricultural Research Council's Poultry Research 
Centre, King's Building, West Mains Road, Edinburgh 
EH9 3JS, Scotland 
SUMMARY 
It has: been shown pEeviously that a proportion of chicks fed on a high salt 
diet from hatching developed a severe diffuse cystic dilation of their semini-
ferous tubules. In an effort to determine whether such testes could produce 
spermatozoa, birds with cystic testes were selected by direct inspection of 
their gonads at laparotomy and then maintained until sexual maturity when 
they were killed and their testes examined histologically. 
A variety of pathological features was found in the seminiferous tubules but 
spermatogenesis could be demonstrated in the majority of gonads, thus in-
dicating that although severely damaged at 4 weeks of age considerable epi- 
thelial recovery is possible, even though these birds were maintained on a 
high salt diet for the entire experimental period of 40 weeks. 
INTRODUCTION 
In a previous study the testicular histopathology of salt intoxication was described in 
young fowls (Siller et al., 1972). It was also shown that various strains of domestic 
fowls were susceptible (Dewar et al., 1972), that there was a distinct age susceptibi-
lity (Whitehead et al., 1972) and that, although sodium chloride and citrate were most 
effective in causing the development of testicular cysts, other salts also had that poten-
tial (Dewar etal., 1974). 
The questions of the physiological and practical significance of these lesions have not 
been resolved. In view of the possibility that diets with high salt content may some-
times be fed inadvertently to growing chicks, it is important to know what the likely 
effect would be on subsequent testicular development and maturation. With this 
problem in mid, an experiment was devised to investigate the long-term effect of 
salt-induced cystic dilatation of the seminiferous tubules. 
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MATERIALS AND METHODS 
One-day-old male Ross I broiler chicks were fed a normal "chick starter" diet, con-
taining 0.13% sodium, supplemented with additional sodium chloride to raise the 
total sodium level to 1.5%. 
At 4 weeks of age an exploratory laparotomy was performed on each bird under 
Nembutal (Nembutal, Abbott Laboratories Ltd.) anaesthesia and both testes were 
examined visually. On the basis of this examination the birds were assigned to one of 
two classes, depending on the gross appearance of their testes: (i) those in which the 
testes appeared to be normal, or (ii) those in which the testes showed gross signs of 
cyst formation, as depicted by Silleret al. (1972) (Fig.1). 
Two groups, each of eight birds, were made up from each of these two classes. Groups 
A and B contained birds from class I (normal testes) and groups C and D were com-
posed of birds in class II (cystic testes). Thereafter groups A and C were fed the nor-
mal, unsupplemented diet, containing only 0.13% sodium, while groups B and D 
continued until the termination of the experiment on the supplemented diet with a 
sodium content of 1.5%. 
The birds were killed when about 40 weeks old. The testes were removed, examined 
macroscopically, fixed in Susa and blocks were embedded in paraffin for histological 
examination after routine staining. 
RESULTS 
Five birds did not survive the full 40 weeks of the experiment; they were killed be-
cause of limb deformity. 
At autopsy the testes of all eight survivors of group A were normal and histological 
examination showed active spermatogenesis. 
In group B only six birds reached the age of 40 weeks and again the testes were normal, 
although the birds had been continuously on a sodium-supplemented diet. In one in-
stance, however, small subcapsular testicular cysts were found, but even in this case 
most of the seminiferous tubules were normal; multi-layered germinal epithelium 
lined the normal and almost all the dilated tubules (Fig.2). 
For group C the results are summarised in Table 1. It was found that, despite being 
severely cystic at 4 weeks of age, the testes appeared grossly normal at autopsy and 
seminal content oozed from their cut surfaces. The ducti deferentes also contained 
semen. 
The histological appearance of these gonads varied but in every case most of the 
seminiferous tubules revealed active spermatogenesis, the multi-layered germinal epi-
thelium being normal (Fig.3) with elongated spermatids arranged in typical bundles 
and projecting into the lumen. Many of the tubules were normal in size and shape but 
others were enlarged, dilated and sometimes severely distorted. Occasionally some 
tubules appeared almost devoid of a lining epithelium (Fig.3) or, as higher magnifica-
tion showed (Fig.4), the single cell layer was almost completely compressed against 
its basal lamina. Isolated spermatozoa were seen lying in the lumen of these obviously 
inactive tubules; this indicates that somewhere proximally the epithelium must have 
been partly productive. 
In some enlarged tubules the dilated lumen was lined by a multilayered germinal epi-
thelium with evidence of maturing spermatozoa (Fig.5). While in some tubules the 
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Fig. 1. 4-week-old chick with unilateral cystic enlargement of the right 
testis. The left gonad is normal. 
Fig. 2. A group of severely dilated, enlarged semi-
niferous tubules is surrounded by others 
of normal appearance. H & E, x 10. 
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Fig. 3. Some profiles of tubules apparently devoid 
of lining epithelium lying among normal 
ones showing active spermatogenesis. 
H&E. x56. 
Fig.4. Higher power of Fig. 3 to show that epi-
thelial lining is present, though severely 
compressed. Note the spermatozoa 
lying free in the lumen and adherent to 
the single layer of epithelium. H & E, 
x 360. 
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Fig.5. Enlarged tubule with dilated lumen. 
The lining epithelium is multilayered 
and sperm-producing. On either side of 
this there are others lined only by 
Sertoli cells. Note the desquamated 
cells in the lumen of some of the 
dilated tubules. H & E, x 56. 
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Fig. 6. Cross section of normal tubule in a 
once cystic testis, showing different 
stages of spermatogenesis and the 
typical arrangement of elongated 
spermarids projecting into the lumen 
in bundles. H & E. x 360. 
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Fig. 7. Disorganisation of germinal epithelium. 
Elongated spermatids are present at 
the surface and also in contact with 





Fig. 8. More advanced disorganisation of 
tubular epithelium with desquamation 
of spermatocytes and spermatids. Note 
that spermatogenesis is present and 
bundles of elongated spermatids can be 
seen deep in the epithelium. H & E, x 360. 
H 
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Fig. 9. Two adjacent seminiferous tubules with 
low, sperm-producing epithelium. The 
normal ordered arrangement of elongated 
sperm atids is seen in the lower but not 
the upper dilated tubule. H & E, x 360. 
Fig.10.Severe lobulation and branching of an en-
larged seminiferous tubule which is lined 
by multilayered epithelium. H & E, x 56. 
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Fig. 11.A group of undeveloped tubules lined by 
Sertoli cells lie among fully and partially 
developed tubules. Note that in two in-
stances (arrows) part of the seminiferous 
epithelium is represented by a single layer 
of cells. H & E, x 56. 
Fig. 12. Encapsulated group of Sertoli-cell lined 
tubules in sub capsular position in a testis 
(group D). H& E, x56. 
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Fig. 13. Extreme irregularity of tubular epithelium. 
Areas of single- and multilayered epithe-
lium alternate. Note the desquama ted 
germinal cells in the lumen. H & E, x 140. 
Fig. 14. Longitudinal section of the testis from a 
bird which was killed at 12 weeks of age 
(group D). Note the widespread inter-
tubular fibrosis and the large, confluent 
cysts. Gordon and Sweet, x 9. 
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Fig. 15. Immature seminiferous tubule in a once 
cystic testis of a 10-week-old fowl which 
had been on a high salt diet. Note the 
greatly thickened boundary tissue sur-
rounded by ring of densely placed fibro-
blast nuclei. H & E, x 360. 
Fig. 16. Cystic testis from an adult bird, killed at 
40 weeks of age. Most of the organ consists 
of thin, dilated and transparent tubules 
containing clear fluid. The poles consist of 
more normal tissue. 
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Fig.) 7. Testicular atrophy and dense fibrosis. 
Only the ducts and a few tubules (arrow) 
remain intact. H & E, x 56. 
Fig. 18. Complex intercommunicating maze of 
dilated tubules lined by multilayered 









Fig. 19. Higher magnification of abnormal germinal 
epithelium illustrated in Fig. 18. Note the 
vacuolation of the multilayered cells and 
the disorganised distribution of mature 
spermatozoa. H & E, x 360. 
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Fig.20. Accumulation of apparently normal 
spermatozoa in an efferent duct. 
H & E. x 140. 
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Table 1. Appearance of testes after maintenance on 1.5% sodium diet for 
4 weeks and 0.13% sodium diet for 36 weeks (group C). 
Bird Gross Histology 
1 Right - elongated Majority of tubules normal and pro- 
ducing spermatozoa, some lined by 
Left - normal Sertoli cells only 
Majority of tubules normal and pro- 
2 Both normal 
ducing spermatozoa. Some lined by 
Sertoli cells only, some severely com- 
____________  pressed_lining_epithelium 
3 Both normal Some tubules normal others dilated 
and distorted but producing 
spermatozoa 
Some tubules normal, others dilated 
4 Both normal and distorted but producing sperma- 
tozoa 
5 Left - normal Most tubules normal, others dilated 
Right - enlarged, Large, dilated tubules among appal- 
containing some ently normal ones; producing 
cysts spermatozoa 
6 Misshapen, but Most tubules normal, others enlarged 
normal size but producing spermatozoa 
7 Both normal Most tubules normal, others enlarged 
but producing spermatozoa 
8 Both normal Most tubules normal, others enlarged 
but producing spermatozoa 
germinal epithelium was apparently normal, exhibiting all stages of spermatogenesis 
(Fig.6), in others it showed various stages of disorganisation. There were often gaps 
in the continuity of the epithelium and elongated spermatids, together with appar-
ently mature spermatozoa, were found against the basal layer of spermatogonia and 
Sertoli cells (Fig.7). Desquamation of cells, sometimes multi-nucleated, was not un-
common and was associated with an apparently erratic displacement of spermatid 
bundles (Fig.8). Much lower epithelium occurred in tubules from birds of this group 
(Fig.9) where spermatid formation was either normal or disorientated. 
In group C males, enlargement, branching and lobulation of tubules were common 
features (Fig. 10). The detailed appearance of the lining epithelium of such lobulated 
tubules was similar to that described above for dilated tubules. 
Intermingled with sperm-producing tubules, there were others lined by a single layer 
of tall, slender, almost columnar cells, presumably Sertoli cells. Such profiles were 
found singly (Fig.5) or in small groups (Fig.1 1). Indeed, occasionally they appeared 
confined to encapsulated areas, isolated from the remainder of the testicular tissue 
(Fig. 12). 
Another striking feature was the apparent pleomorphism of epithelial structure with-
in one and the same tubular cross section. One of the most severe examples is shown 
in Fig. 13, where there are zones of tall, unevenly multilayered epithelium alternating 
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with areas of cuboidal cells. Substantial proportions of the epithelial lining of other-
wise normal tubules may also show this single layer of Sertoli cells (Fig.! 1). 
The gross and histological findings in group D males are summarised in Table 2. 
Table 2. Appearance of testes after maintenance on high salt diet for 40 
weeks (group D). 
Bird Gross Histology 
9 At 10 weeks, both Tubules immature, some large cysts 
testes immature but  
cysts still visibile  
10 At 12 weeks both Tubules normal, but cysts in central 
immature left testis region of testes 
contains cysts 
11 Both normal Some tubules dilated and distorted 
but spermatogenesis occurring 
12 Testes small, Undeveloped atrophic testis, no 
cysts, no spermatogenesis 
13 Left testis large and Left - numerous thin-walled cysts 
cystic 
Right testis small Right - dilated, distorted tubules 
but otherwise with multilayered epithelium 
normal 
14 Left - central part Tortuous maze of tubules lined by 
cystic multilayered epithelium 
Right - posterior Posterior part atrophied, anterior 
part atrophied part normal, producing spermatozoa 
anterior part normal 
15 Left - huge and Left - numerous thin-walled cysts 
cystic 
Right - atrophic Sperm-producing tubules in one area 
only 
16 Left - normal Subsapsular nodules of tubules filled 
with Sertoli cells. Other tubules are 
dilated and producing spermatozoa 
Right - huge and Right - numerous thin-walled cysts 
cystic  
Two birds with immature gonads were killed at 10 and 12 weeks, respectively. The 
left testis of one of these birds was grossly cystic and histological examination of the 
other gonads revealed focal dilatation of some of the immature tubules (Fig. 14). A 
typical finding in immature testes which had once been cystic was the "double wall" 
effect around the tubules (Fig. IS). The peritubular boundary tissue was thickened 
and a dense layer of connective and interstitial tissue surrounded the tubule. 
A disparity in the appearance of the two testes of each bird was found in those which 
survived on a sodium-supplemented diet to 40 weeks. In four of the six survivors one 
gonad was normal or atrophic while the other was enlarged, sometimes huge and 
cystic. The testis illustrated in Fig. 16 measured 6 1h cm in length and was entirely 
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cystic except for the anterior pole (the normal gonad at that age is only about 2½ cm 
long). The thin-walled, -widely dilated seminiferous tubules contained clear, watery 
fluid, giving the organ an overall transparent appearance. In some cases (e.g. birds 
No. 10, 12, 13 in Table 2) one testis was partly or wholly atrophic and was not pro-
ducing spermatozoa. 
Not only were the two gonads different in some birds, but even within the same 
testis tubular development and morphology varied. One part of the organ showed 
normal active spermatogenesis, while another was atrophic. This led to considerable 
histological diversity, ranging from large thin-walled cysts (as previously illustrated by 
Siller et aL, 1972), through changes described under group C above, to those illustra-
ted in FigA7, where the testicular structures were almost entirely replaced by dense 
fibrous tissue, leaving only a few tubules and ducts intact. 
Some testes in group D contained enlarged, distorted and intercommunicating semini-
ferous tubules (Fig.18). These were lined by a disorganised multi-layered epithelium 
which produced spermatozoa (Fig. 19). 
As a general rule the peritubular boundary tissue was thickened. This was seen in 
testes of both groups C and D and was sometimes quite prominent (Figs.9, 10, 15, 19) 
Rete testis, vase efferentia and the ductus deferens usually contained masses of sper-
matozoa (Fig.20) and had no obvious epithelial abnormalities. 
DISCUSSION 
Cystic dilatation of seminiferous tubules has been seen only in domestic birds, mainly 
young fowls which had either been treated with DCA (Selye, 1942; Boas, 1958) or 
had been fed a diet of unusually high salt content (Siler et al., 1972). It is unlikely 
that a similar condition occurs spontaneously, except as a consequence of a nutrition-
al error. However, such errors have occurred (Krakower and Goettsch, 1945; Kare 
and Biely, 1948) and it is therefore of interest to know what permanent testicular 
damage and dysfunction might result. 
The testes from birds of both groups C and D showed various abnormalities, reflec-
ting the damage which originated from the cystic change seen at 4 weeks. The testi-
cular lesions were more severe in the group D birds, which had been on a salt-
supplemented diet for 40 weeks. In some instances (see Table 2) the cystic condition 
persisted, at least in one gonad, throughout the experiment. Recovery was much more 
advanced in group C and it is more likely that this situation might arise in the field 
where a temporary nutritional fault may occur at the susceptible age, namely before 
3 weeks (Whitehead et aL, 1972). 
Even the most severely affected testes showed some evidence of spermatogenesis. 
Generally, normal tubules were mingled in varying proportion with others of aberrant 
structure, the latter ranging from simple dilatation, excessive branching and saccula-
tion to the formation of complex, bizarre mazes of intercommunicating tubules. The 
lining epithelium often showed structural variation within the same tubule cross sec-
tion. Cooksey (1975) has shown that in normal testes several cell associations are 
present in one tubular cross section. The same applies to the normal tubules of salt-
fed birds in which all the different stages of spermatogenesis and spermatid formation 
(de Reviers, 197 1) are represented. On the basis of previous histological examination of 
cystic dilatation (Siller et aL, 1972) it must be assumed that in the selected birds on high 
salt diet all the seminiferous tubules had been grossly abnormal at 4 weeks. Yet some 
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appeared to have recovered completely, while others not only remained dilated and 
enlarged, but also showed markedly abnormal epithelium. But, except in those semini-
ferous tubules which were lined only by Sertoli cells, some form of spermatozoon 
production was taking place. Considering the extreme cystic dilatation of the semini-
ferous tubules at 4 weeks and the severe compression of the epithelium to almost 
squamous form, it is surprising that spermatogenesis can occur at all in such tubules, 
and the phenomenon gives some indication of the innate drive of this tissue to pro-
duce spermatozoa. Most tubules respond, but obviously there are some, or only parts 
of some, which fail to develop and remain as single layers of Sertoli cells. It could be 
argued, of course, that the sperm-producing tubules are not the same as those which 
were cystic at 4 weeks but this would presuppose the replacemçnt of almost the en-
tire complement of tubules and it does not explain the pleomorphism that can occur 
in one and the same tubule. Nevertheless, it is difficult to imagine how, in tubules 
with a severely disrupted epithelial complex, the blood-testis barrier can be main-
tained. This barrier is believed to be essential for normal sperm development and 
Cooksey (1975) has shown in fowls that it is situated in the Sertoli-Sertoli plasma 
membranes at the spermatocyte level. 
No ultrastructural study is as yet available on testes of such salt-fed birds, but one 
could speculate that, because the blood-testis barrier may be disrupted, at least some 
of the developing spermatozoa may be exposed to an abnormal fluid medium or 
autoimmune sensitisation. However it remains for a fertility study to determine 
whether such birds produce viable spermatozoa and have normal fertility rating. 
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RESUME 
Modifications morphologiques observées i la maturité 
sexuelle chez des poulets de chair 
Ii a été précédemment démontré qu'un certain pourcentage de poulets recevant des 
l'éclosion un régime riche en sodium développent une importante dilatation cystique 
diffuse des tubes seminiféres. Afin de determiner si de tels testicules pouvaient par la 
suite produire des spermatozoldes, des oiseaux présentant des testicules cystiques ont 
été sélectionnés par examen de leurs gonades aprés laparotomie, puis élevés jusqu'é 
l'áge de la puberté; ils ont ensuite été sacrifiés et leurs testicules ont été soumis é un 
examen histologique. 
On a trouvé des aspects pathologiques varies dans les tubules séminiféres mais la 
spermatogenése a pu étre mise en evidence dans la majorité des gonades. Ces résultats 
indiquent que, malgré les perturbationssévéres survenant au cours de la quatriéme 
semaine de la vie, l'épithélium se régénére massivement mime dans le cas oii les 
oiseaux sont nourris avec un aliment riche en sodium pendant le période expérimen-
tale d'une durée de 40 semaines. 
ZUSAMMENFASSUNG 
Morphologische Verànderungen wilirend der Geschlechtsreife 
bei experimentell erzeugten Hodenzysten von Broilern 
Es konnte früher schon gezeigt werden, dag sich bei einem Teil der Küken, die vom 
Schlupf an mit überma.3ig salzhaltiger Dint gefüttert wurden, eine schwere diffuse 
zystische Erweiterung der Tubuli seminiferi entwickelt. Es wurde nun festzustellen 
versucht, ob derartig entartete loden im Stande sind, normale Spermien zu erzeugen. 
Individuen mit zystisch entarteten Keimdrüsen wurden nach direkter Feststellung bei 
einer Laparotomie ausgewàlilt und dann bis zur Geschlechtsreife gehalten. Dann wur-
den sie getötet und die Gonaden einer histologischen Untersuchung unterzogen. Ver-
schiedene pathologische Veränderungen konnten in den Tubuli semeniferi festgestellt 
werden, obwohJ in der Mehrzahl der Gonaden eine Spermatogenese vorhanden war. 
Das besagt, daj3 das Keimepithel, weiches im Alter von 4 Wochen schwer geschãdigt 
wurde, im wesentlichen wiederhergestelit werden kann. Dies erfolgte auch dann, wenn 
die Hãhne wthrend der ganzen Versuchsperioden von 40 Wochen eine salzreiche 
Nahrung erhielten. 
Br. Poult. Sc,., 14: 315-318. 1973 	 Longman: printed in Great Britain 
RESEARCH NOTE 
SODIUM SUPPLEMENTATION OF 
BROILER RATIONS 
W. A. DEWAR AND C. C. WHITEHEAD 
Agricultural Research Council's Poultry Research Centre, King's Buildings, 
West Mains Road, Edinburgh El-I9 31S, Scotland 
Received for publication 19th July 1972 
SYNOPSIS 
Broiler chickens were fed on diets containing oi to 0 .5% sodium from o to 8 
weeks. During the o- to 4-week period the best combined growth rate and efficiency 
of food conversion was obtained when the diet contained o2% sodium; for the 
period o to 8 weeks 02 and 0 . 3% were equally good. The treatments had no effect 
on carcass moisture retention. 
INTRODUCTION 
Recent studies on broilers (Nott and Combs, 1969; Vogt et al., ii) have 
agreed that the minimum sodium requirement for maximum growth rate is 0I2% 
of the diet and that there is no effect of dietary sodium on growth rate or food 
utilisation at levels between this and 04% of the diet. One of the deleterious effects 
of high sodium levels was a reduction in live-weight gain. Barlow et al. (1948), 
however, have shown that at toxic sodium levels, water is retained by the chick and is 
manifested as oedema or ascites. The possibility therefore exists that at lower levels 
of sodium supplementation, any decrease in true live-weight, i.e. in terms of dry 
matter, could be masked by increased water retention. 
The present communication reports the results of a large-scale experiment on 
the effects of non-toxic dietary sodium levels on the growth rate and food conversion 
efficiency of broiler chickens and on the water content of the eviscerated carcasses. 
The dietary sodium levels ranged from o.xo% to 050%, which is just below the 
lowest level of sodium (0.52%) found by Siller et al. (1972) to cause cystic lesions in 
the testes of broiler chicks. 
MATERIALS AND METHODS 
Plan 
A total of 1350 sexed Ross I i-d-old chicks were housed in deep-litter floor pens 
(372 m2), 45  birds per pen. Each-pen contained an electric brooder and food and 
water were available ad libitum. Diets A to E were each allocated at random to three 
pens of males and three of females. Live-weight and food consumption per pen 
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were measured at 4  and again at 8 weeks when the experiment was terminated. At 
this time three birds per pen, of weight close to the average of the birds in that pen, 
were killed by exsanguination. They were dry-plucked, eviscerated and weighed. 
The carcasses were then frozen prior to determination of their moisture contents. 
Diets 
The composition of the basal diets are given in Table I. Soybean meal rather 
than fish meal was used as a protein source to enable the formulation of a low-sodium 
basal diet. When the birds were 4  weeks old the formula was altered to accommodate 
TABLE I 
Composition (parts by u.Jeight) of basal diets 
Period weeks 
0t04 4t08 
Soybean meal 380 3 1 *3 
Maize meal 40-0 400 
Wheat meal 140 207 
Maize oil 35 35 
Dicalcium phosphate 2-0 2-0 
Limestone flour 1-5 1-5 
DL-Metluornne 02 03 
Vitamin and mineral supplement' 05 0- 5 
Calculated analyses 
Crude protein (%) 224 201 
Metabolisable energy (MJ/kg) 12'94 I305 
(kcal/kg) 3094 3120 
Calcium (%) 1 10 1*0 
Sodium (%) 0015 0018 
Methionine + cystine (%) 0-8 092 
Determined analyses 
Crude protein (%) 232 21*1 
Calcium (%) 098 0-97 
Sodium (%) 0018 020 
1 Colborn 101. 
the decreased requirement for protein of broiler chickens at this stage. Diets A to E 
were derived from the basal diets by the addition of amounts of sodium chloride, 
calculated on the basis of the measured sodium contents of the basal diets, to give 
total sodium concentrations ofoio, 020, 030, 04O and 0 - 50% respectively. Analy-
ses of the compounded diets showed that the actual sodium contents were very close 
to the calculated values. 
Analytical techniques 
The sodium contents of diets were determined by atomic absorption spectro- 
photometry of hydrochloric acid extracts of the ash remaining after ignition at 450 C. 
To determine the carcass moisture content, the frozen eviscerated carcass was 
cut into small pieces with a band saw. The pieces were then passed repeatedly 
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through a mincing machine, using successively smaller dies, until a fine homo-
geneous paste was obtained. Duplicate samples (25 g) of the paste were frozen and 
freeze-dried. To confirm that freeze-drying had removed all the water from the 
samples, several dried samples were examined by the method of Bidwell and Sterling 
(1925) using toluene. Negligible amounts of water were observed. 
RESULTS 
Wet droppings were not seen in any of the pens. 
The live-weight data are set out in Table ; group A was usually lighter than 
any other group. The food conversion efficiencies are given in Table 3. Taking 
TABLE 2 
Live-weights at 4  and 8 weeks of birds fed graded levels of sodium chloride 
Within a row, weights with the same postfix letter did not differ significantly 
Diet and level of Na 
Age A B C D E Standard 
(weeks) 0•1 02 0.3 04 05 error 
4 CT 777a 859b 859b 847b 869b 12 I 
658a 754b 726bc 703c 756b 
Mean 718a 8o6b 792bC 775C 812b 85 
8 CT 2083a 2187b 2156bc 21OOaC 2173b l 307 
1700a i8i3b 17841) 1762ab 1786b 
Mean 1892ac 200lb 1971bc 193IC ig8obc 2I7 
TABLE 3 
Food conversion efficiencies over 0-4, 4-8 and o-8 week periods of birds fed graded levels of sodium chloride 
Within a row, weights with the same postfix letter did not differ significantly 
Diet 
Period - Standard 
(weeks) A B C D E error 
0-4 CT o617a o638a o630a o618a o619a 
} 
ooio8 
o5gxab o6I7a ogab 0577b 0596ab 
Mean o6o4a o627b o612ab 0597a o607a 00077 
4-8 3 0.404a 04O2 o400a 040I 0396a 	
} 
00066 
0381ab 0375aC 0392b 0386a 0361C 
Mean 0393a 0388ab 096a 0393a 0379b 00047 
0-8 0463a 0.469ab 0476b 0465ab 0463a 	
} 
0•0054 
otAIac o8ab 0455b o443abc 0433C 
Mean 0452ac 0459bc o465b 0454aC o8a 00038 
both live-weight gain and food conversion efficiency into account, during the o to 4 -
week period birds fed on 02% sodium performed better than all others; over the 8 
weeks of the experiment, birds fed on 02 and 03% sodium performed equally well 
and better than birds fed on the other levels. 
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There were no significant dietary effects on the eviscerated carcass weights, 
when expressed as percentages of live-weight, nor on the moisture contents of the 
eviscerated carcasses. 
DISCUSSION 
A synthesis of the results for growth rate and food conversion efficiency indicates 
that broiler chicks give best results over a normal 8-week growth period when their 
diet contains 02 to 03% sodium. The dietary sodium range for optimal broiler 
performance is thus narrower than the smaller-scale experiments of Nott and Combs 
(1969) and Vogt et al. (1971) suggested. The bulk of the growth depression in the 
group fed o i % sodium occurred before 4  weeks of age. Taken in conjunction with 
the findings of Whitehead et al. (1972) that sodium is most toxic to the chick during 
its first 3  weeks, this suggests that the margin between adequacy and toxicity is small 
during early life. It is therefore important that the sodium content of a chick diet 
should be known precisely. Methods of analysis which measure sodium, directly 
e.g. atomic absorption spectrophotometry, are thus preferable to the currently 
widespread commercial practice of measuring the chloride content of a diet and from 
that calculating the salt content. 
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SYNOPSIS 
Experiments have shown that egg production can be controlled by using a 
low-sodium diet. When a diet containing 0.038% sodium was fed to birds prior 
to point of lay, egg production was severely restricted. When this diet was fed to 
hens already in lay, production ceased but the subsequent feeding of an adequate 
diet resulted in rapid re-attainment of production to a level higher than that of 
normally-fed birds. There were also improvements in egg and shell quality. Birds 
fed on the low-sodium diet remained in good condition and mortality did not 
increase. 
INTRODUCTION 
There are few methods available in the United Kingdom for the control of egg 
production and in particular for inducing a pause at the end of the laying year. 
A low-calcium diet has been investigated recently for this purpose (Gilbert, 1973)- 
When this diet, which contained 0.03% calcium (sufficient for maintenance require-
ments only), was fed to pullets prior to point of lay, the onset of laying could be 
prevented. When the birds were subsequently fed on a • diet adequate in calcium 
egg production and weight quickly attained values appropriate to the age of the 
bird. Feeding the low-calcium diet to hens in lay caused laying to cease within 
two weeks, while, depending on the age of the bird and the length of treatment, 
normal or better than normal production was resumed when an adequate diet was 
subsequently fed. 
Sodium intake is also known to affect egg production. Burns et al. (1952) 
found that White Leghorn hens required 0.19% salt (0076% Na) in a purified diet, 
using egg production, hatchability and body weight maintenance as criteria, and 
that the limiting factor was sodium rather than chloride. Vogt et al. (i'i) found 
that oxo% sodium met all the requirements of hens through the laying year. 
Although small reductions in sodium are known to limit egg production, the effects 
of severe reductions have not been investigated. This paper reports the results of 
studies on the use of a low-sodium diet to control. egg production. 
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MATERIALS AND METHODS 
Diets 
The composition of the low-sodium diet used is shown in Table i. By analysis 
the mean sodium content was 0.038%, with a range of 0035 to 0039%. The 
adequate control diet was derived from the experimental diet by adding 05% 
sodium chloride to give a total sodium content of 023%. 
TABLE I 
Composition of low-sodium diet 
Composition 
Ingredient (parts by weight) 
Soybean (extr.) 185 
Ground wheat 70•3 
Maize oil 25 
DL-Methlonine oi 
Ground limestone 6o 
Dicalcium phosphate 210 
Vitamins and trace minerals 025 
Analyses (determined on diet as fed) 
Dry matter (%) 	875 
Crude protein (%) 16o 
Calcium (%) 	32 
Sodium (%) 0038 
Birds and management 
Two strains of birds were used in the experiments, Thornber 8o8 light-bodied 
white egg layers and Thornber 909 'medium-bodied brown egg layers. They were 
obtained as I-d-Old chicks and fed on a normal rearing diet until 18 weeks of age 
when 48 birds of each strain were transferred to individual layer cages. Food and 
water were freely available and egg production and food consumption were recorded 
per bird. All eggs laid on two d each week were weighed individually. 
Experiment ,r 
This experiment was designed to investigate the effects on subsequent egg 
production of feeding the low-sodium diet before laying began and of feeding this 
diet when they were entering peak production. Twelve birds of each strain were 
assigned to each of four groups. Groups I and 2 were fed on the control diet from 
18 weeks of age and groups 3  and  4  were fed on the low-sodium diet. From week 26 
group 2 received the low-sodium diet and group 3  was fed on the control diet. From 
week 33 groups 2 and 4  were transferred from the low-sodium to the control diet. 
Group i was fed on the control diet throughout the experiment, which continued 
until the birds were 70 weeks of age. 
Experiment 2 
This experiment investigated the effect on subsequent egg production of feeding 
the low-sodium diet to hens that had been in lay for more than a year. Two groups, 
5 and 6, each comprising 36 birds of each strain, were fed on the control diet until 
LOW-SODIUM DIET AND EGG PRODUCTION 	 431 
they were 76 weeks of age. The birds were then weighed and group 6 was fed on the 
low-sodium diet for a period of 4  weeks. At 8o weeks the birds were weighed again 
and group 6 was returned to the control diet. Egg production was recorded until 
the birds were 114  weeks old. Between 96 and 100 weeks of age measurements of 
egg and shell quality were made on ioo eggs from birds of each group; Haugh units 
were used as a criterion for the former and shell thickness for the latter. Shell 
thickness of each egg was taken as the average of three measurements made around 
the equator after removal of the inner membrane using a micrometer screw gauge 
with a rounded anvil. 
RESULTS 
Experiment i 
The effects on egg production of feeding the low-sodium diet are shown in Fig. I. 
The diet virtually inhibited production when fed prior to point of lay (groups 3  and 
4). Production by these groups rose slowly to a maximum of about 18% (per hen d), 
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FIG. j.—Egg production (per hen d) of hens in experiment i. The low-sodium diet was fed to group 2 ( 
from week 26 to week 33;  to group 3 (— —) from week r8 to week 26 and to group 4 (.......) from 
week 18 to week 33. Group i 	was the control. 
during weeks 31 and 32: of the 23 birds remaining in this group, 3  birds laid two 
eggs each, three birds laid one egg each and 17  birds laid no eggs during this two-
week period. When the low-sodium diet was introduced at 26 weeks (group 2) 
production decreased to low values within 3  weeks. All birds showed rapid increases 
in production when transferred from the low-sodium diet to the control diet. 
Subsequent egg production of all birds which had received the low-sodium diet was 
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The effects of the treatments on egg weight are shown in Fig. 2. While birds 
were fed on the low-sodium diet egg weight decreased. Egg weights quickly 
increased to values similar to or, in the case of group 4,  slightly higher than those of 
the control group when the adequate diet was re-introduced. 
Age of birds (weeks) 
Fin. 2.—Mean egg weight of hens in experiment i. The low-sodium diet was fed to group 2 (------) from 
week 26 to week 33;  to group 3 (— —) from week 18 to week 26 and to group 4 (.......) from week 
18 to week 33.  Group x (—) was the control. 
Mean food intakes during corresponding periods were 76 and io8 g per bird d 
for birds fed on the low-sodium diet and control diet respectively. During the 
feeding of the low-sodium diet, birds remained in very good condition, lost few 
feathers, showed no obvious behavioural changes and suffered little mortality: the 
only death was one bird in group 4  during week 25. 
Experiment 2 
Mean egg number per bird up to 76 weeks of age was 2771 for the 8o8's and 
2477 for the 909's. Transfer of group 6 to the low-sodium diet at week 76 resulted 
in a virtual cessation of laying within 4  weeks (Fig. 3). When this group was 
returned to the control diet, egg production was soon resumed and within 6 weeks 
was higher than that of group 5. 
During the remainder of the experiment (86 to 114  weeks) group 6 laid 16% 
more eggs, a difference that was significant (P < 0 .05). Results for this period for 
each strain are shown in Table 2. There was no difference in egg size between 
groups, but the quality of the eggs from group 6 was superior. There was no 
detectable difference in shell thickness between the groups but the proportion of eggs 
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Fin. 3.—Egg production (per hen d.) of hens in experiment 2. The low-sodium diet was fed to group 
6 (— —) from week 76 to week 80. Group 5 (—) was the control. 
downgraded because of shell defects, i.e. cracks, breaks or soft shells, in group 5 was 
almost double that of group 6. Both strains showed similar responses to the treat-
ment. 
TABLE 2 
Egg production and egg quality of groups 5 and 6 during the period 86 to iii weeks 
Mean egg Mean egg Haugh Shell Eggs 
Group 	Strain production (%) weight (g) units thickness (mm) downgraded (%) 
808 5P5 640 74 033 43 
5 	909 368 630 73 0 3 1  33 
Mean 442 635 73.5 032 38 
8o8, 583 638 75 032 22 
6 	909 44* 1 626 77 033 1-8 
Mean 5I2 632 76 0325 20 
Standard error 27 o6 oog 0008 
Body weights of the hens showed no adverse effect of the treatment: mean 
weights of the strains were similar in each group before and at the end of the 
treatment. 
DISCUSSION 
The results of the experiments show that egg production can be readily con-
trolled by altering the sodium content of the diet. Feeding a low-sodium diet 
rapidly reduced egg production to very low rates irrespective of when the diet was 
introduced. When birds were returned to a diet of adequate sodium content, they 
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rapidly resumed rates of production higher than those of untreated birds. This 
increase in subsequent egg production was particularly noticeable when the pause 
was induced after a year in lay and it was accompanied by improvements in egg and 
shell quality. Feeding of the low-sodium diet before the onset of lay did not affect 
subsequent egg size and when each birds reached maximum production egg size was 
consistent with the physiological age of the birds. 
The response of hens to a low-sodium diet thus resembles their response to 
a low-calcium diet. This suggests that egg production can be controlled by 
adjusting the dietary content of any nutrient for which the maintenance requirement 
is much less than the production requirement. The maintenance requirement of the 
laying hen for sodium has not been determined. However, birds in experiment i ate 
io8 g per d of the control diet. Assuming a sodium requirement of oo8% of the diet, 
the minimum necessary sodium intake for maximum egg production is around 90 mg 
per d. The average egg contains about 65 to 70 mg sodium: therefore for an 85% 
rate of egg production the requirement for body maintenance can be estimated as 
30 to 35  mg per d. The daily food intake of birds in experiment i fed on the low-
sodium diet was 76 g food containing 0038% sodium, i.e. 29 mg sodium per day. 
Although these calculations assume that sodium utilisation is similar in both con-
ditions, non-laying birds are probably in a state of sodium equilibrium when the 
diet contains 0.038%. Those birds able to lay some eggs while receiving the low-
sodium diet presumably required less sodium for body maintenance and could 
therefore accumulate sufficient sodium to lay the occasional egg. 
The general condition of birds fed on the low-sodium diet suggested that they 
were not suffering any deprivation. Food consumption was 70% of normal and no 
loss in body weight occurred after feeding the diet for a month. Even after receiving 
the diet for four months, birds were still in very good condition and there was no 
abnormal mortality. Birds did lose some feathers, but did not moult. 
The use of a low-sodium diet thus appears to be suitable for the control of 
egg production or the induction of a pause in the laying cycle on a commercial 
scale. In particular the method fulfils the criteria of Gilbert (1973) since it has a 
rapid effect, is easy, inexpensive, safe and does not produce any adverse behavioural 
or physiological changes in the birds. It has advantages over the use of a low-calcium 
diet because skeletal defects or cage-fatigue are unlikely if a sufficiently low dietary 
level is not achieved. It is also easier to formulate a diet low in sodium; any diet 
based on soybean, maize or other cereals will have a sufficiently low sodium content. 
Ingredients precluded are mainly those of animal origin, e.g. meat-and-bone meal 
(0.7% Na), dried skim milk (0.5%) and fish meal (0.3 to o.8%). Although these 
experiments show that a dietary content of o038 % sodium is suitable for the control 
of egg production, the optimum range, and the consequences of feeding diets outwith 
this range, remain to be determined. 
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Laying hens were fed on a diet containing 09 g sodium/kg until 
34 weeks of age, then groups were fed on diets containing 02, 03, 04, 05, 
06 or 09 g sodium/kg for 16 weeks before that containing 09 g sodium/kg 
was reintroduced for all birds. 
Egg production and food consumption were depressed by the low-
sodium diets in proportion to the dietary sodium content. 
Birds receiving 03 to 06 g sodium/kg diet lost weight initially 
but subsequently gained weight; birds receiving 02 g sodium/kg diet lost 
weight continuously. 
In birds receiving 02 g sodium/kg diet, the reproductive organs were 
completely regressed, whereas these organs resembled those of point-of-lay 
pullets in birds fed on 03 or 04 g sodium/kg. 
When the control diet was reintroduced, birds which had received 
the low-sodium diets resumed normal egg production and food consump-
ticn and regained body weight. 
The optimal range of dietary sodium for inducing a pause in egg 
laying is 03 to 04 g/kg. 
INTRO DUCT 10 N 
• The sodium chloride requirement of the laying hen is primarily a requirement 
for sodium rather than chloride (Burns et al., 1952; McDonald, 1962). Burns et al. 
(1952), using egg production, hatchability and body weight maintenance as criteria, 
suggested that the dietary sodium requirement of the laying hen is 076 g/kg and 
Vogtet al. (1971) found that 1 9/kg met the sodium requirements of hens throughout 
the laying cycle. Lower inclusions than these limit egg production (McDonald, 1962) 
and recently Whitehead and Shannon (19 74) showed that a diet containing 038 g/kg 
canbe:used to control egg production and, in particular, to induce a pause at the 
end of the laying year. The studies described in the present paper were conducted 
to determine the optimum range of dietary sodium for satisfactory control of egg 
production and the consequences of feeding diets outside this range. 
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MATERIALS AND METHODS 
Diets 
The basal low-sodium diet (Table 1) was formulated such that the sodium 
content was the least readily attainable using practical ingredients and it was 
therefore based mainly on maize and soyabean (Scott et al., 1969). The measured 
TABLE 1 
Composition of basal low-sodium diet (g/kg) 
Ingredient 
Soyabean meal (440 g protein/kg 210 
Maize meal 595 
Wheat meal 109 
DL-Methionine 1 
Limestone flour 60 
Dicalcium phosphate 20 
Vitamin and mineral supplement 5 
Analyses (found) 
Dry matter 875 
Crude protein 150 
Diethyl ether extract 31 
Calcium 29 
Sodium 021 
sodium content was 02 g/kg. Sodium chloride was added to this diet to produce 
diets of 03, 04, 05, 06 or 09 g sodium/kg. The last named diet was used as the 
control. 
Experimental 
One hundred and sixty-eight 16-week-old light-hybrid hens, that had been 
fed on commercial rearer diets, were housed in individual cages and allowed the 
control diet and water ad libitum. From 22 weeks of age egg production per bird 
was recorded daily and all eggs laid on 2 days each week were weighed individually. 
From 31 weeks food consumption of each bird was measured weekly and from 
week 33 body weight was measured every 4 weeks. From 34 until 50 weeks of age 
the control and experimental diets were offered, each diet to 28 birds in a randomised 
design. At 50 weeks of age the control diet was reintroduced for all birds. Egg 
and food recording continued until 62 weeks. 
At 49 weeks, four to six birds from each treatment were killed, plasma samples 
were taken for calcium and sodium analyses and the combs and reproductive organs 
were removed. The ovaries were divided where possible into large yellow yolky 
follicles (approximately 10 to 40 mm diameter), yellow-white yolky follicles 
(approximately 4 to 9 mm diameter) and small white follicles combined with the 
stroma. The yellow and yellow-white follicles were counted and weighed and a 
special note was made of the incidence of follicular atresia. 
In the analysis of the results data for performance of birds which had died 
were calculated by a missing plot technique. 
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RESULTS 
Egg production 
Production from birds fed on low-sodium diets decreased rapidly during the 
first 3 weeks of feeding these diets and thereafter remained essentially constant and 
proportional to the dietary sodium content (Fig. 1). After reintroducing the control 
Age of birds (weeks) 
FIG. 1.—Egg production (per hen. d) of groups of hens fed on a control diet containing 09 g sodium/kg 
or a low-sodium diet containing 06 g (A—A), 05  ( 	 ), 04 (- - - 
0) or 02 g (0–  - - 0) sodium/kg. The low-sodium diets were fed from weeks 34 to 49 in-
elusive; at other times all groups were fed on the control diet. Points refer to 4 weekly intervals except 
for the low-sodium diets during weeks 34 to 38 and 50 to 54 which refer to weekly intervals. 
diet, there were similar rates of increase in production in all experimental groups 
and. within 6 weeks production rates did not differ significantly (F> 005) from that 
of the control group. The reason for the sudden decrease in production of the 
control group after week 42 is unknown; the control diet was thought to be 
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The distributions of production rates during the middle of the experimental 
period (Fig. 2) show that the birds within each group were similarly affected by 
low dietary sodium. 
FIG. 2.—Distributions of egg productions of hens within each group during weeks 38 to 45 inclusive. 
Mean egg weights measured in the experimental groups prior to the intro-
duction of the experimental diets were generally similar (Table 2). When normal 
production was re-established after reintroduction of the control diet, there were 
some significant (P<005) differences in egg weights among the groups which 
had received the low-sodium diets but there differences were not directly' related 
with previous dietary sodium content. 
Food consumption 
Food consumption decreased rapidly during the first week of feeding the low-
sodium diets and then fluctuated for 4 to 5 weeks (Fig. 3). Thereafter consumptions 
of diets containing 03 to 06 g sodium/kg were relatively constant and proportional 
to sodium content. Consumption of the diet containing 02 g sodium/kg continued 
to decrease during the period it was fed. From 40 to 49 weeks of age, the mean 
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food consumptions for groups fed on diets containing 09, 06, 05, 04, 03 and 02 g 
sodium/kg were 99, 94, 83, 79, 68 and 58 g/d respectively. 
When the control diet was reintroduced food consumptions increased imme-
diately to exceed that of the control group but thereafter stabilised at intakes not 
significantly different from that of the control (Fig. 3). 
TABLE 2 
Mean egg weight before and after birds were fed on diets of different sodium content 
Mean egg wt (g) 
Dietary sodium 
(g/kg) Weeks 24 to 33 	Weeks 56 to 62 
09 53.la* 	 576a 
06 544b 567ac 
05 538a 	 548bc 
04 541a 557ab 
03 540a 	 547bc 
02 535a 570a 
* Within a column, values with the same letter did not differ significantly (P<0O5). 
Body weight 
During the first 3 weeks of feeding low-sodium diets all groups lost weight, but 
subsequently groups fed on diets containing 04 to 06 g sodium/kg started to regain 
weight (Fig. 4). The group fed on the diet containing 03 g sodium/kg started 
to regain weight after 7 weeks. However, birds fed on the diet containing 02 g 
sodium/kg continued to lose weight throughout this period. Reintroduction of the 
control diet caused rapid increase in weight in all these groups. 
Mortality 
Mortalities during the experiment were 3 (0), 2 (1), 5 (3), 2 (1), 6 (3) and 6 (5) 
(figures in parentheses are deaths during the period 34 to 49 weeks when the low-
sodium diets were fed) groups fed on diets containing 09, 06, 05, 04, 03 and 02 g 
sodium/kg respectively. The causes of death varied (nephritis, leucosis, septicaemia) 
except that four birds amongst those receiving 02 and one amongst those receiving 
03 g/kg sodium died between weeks 34 and 49 in emaciated condition after prolonged 
inanition but showed no other organic abnormalities. 
Anatomical observations 
There were gradual decreases in total ovarian, oviducal and comb weights as 
the dietary sodium content decreased: a corresponding decrease in pituitary weight 
was not observed (Table 3). The decrease in total ovarian weight was mainly due 
to a progressive decrease in the combined weight of the large yellow yolky follicles. 
This reflected an increase in follicular atresia as the sodium deficiency became more 
severe. Thus, in hens fed on diets containing 05 or 06 g sodium/kg, up to four old 
yellow yolky follicles were found in each ovary: in hens receiving 04 or. 03 g/kg 
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FIG. 3.—Mean weekly food consumption (per hen) of groups of hens fed on (a) control diet containing 09 g 
sodium/kg ((9—*) and low-sodium diets containing 05 ((D ----0)  or 03 g (0 	®) sodium/kg 
and (b) low-sodium diets containing 06 (0 --C), 04  (0 	0) or 02 g (-) sodium/kg. 
The low-sodium diets were fed from weeks 34 to 49 inclusive; at other times all groups were fed on the 
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diet, the ovaries usually contained recently atretic yellow yolky follicles (Fig. 5b). 
With the progressive increase in follicular atresia, the number of yellow yolky 
follicles approaching an ovulable size first declined, as in hens fed on 05 g sodium/kg 
diet (Table 3). Further increase, 04 or 03 g/kg, caused a decrease in the maximum 
weight of the largest yellow yolky follicles so that an ovulable size was rarely achieved 
(Table 3, Fig. 5b). The development of yellow yolky follicles was suppressed in 
Age of birds (weeks) 
FIG. 4.—Mean body weight (per hen) of groups of hens fed on a control diet containing 09 g sodium/kg 
(—)ora low-sodium diet containing 06(A ------A),0 5 ( •),04(--),03(o "0) 
or 02 g (- - - ) sodium/kg. The low-sodium diets were fed from weeks 34 to 49 inclusive; at other 
times all groups were fed on the control diet. 
hens receiving 02 g sodium/kg diet (Table 3, Fig. 5c) and these regressed ovaries 
all contained from 1 to 5 fluid filled vesicles of unknown aetiology (Fig. 5c). 
The progressive decreases in oviducal and comb weights associated with 
increasing sodium deficiency seemed to be related to the loss of large yellow yolky 
follicles (Table 3). Comb weight was more severely affected than oviducal weight 
and was minimal in hens fed on the diet containing 04 g sodium/kg. Complete 
regression of the oviduct was observed in hens with no yellow yolky follicles. 
The ovaries of hens fed on the control diet contained a mean of 212 ± 621 
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Fir.. 5. Representative ovaries from hens fed on (a) a normal diet (0.9 g Na, kg), (b) 
a low-sodium diet suitable lbr controlling egg production (04 g Na kg) and (c) a 
grossly sodium deficient diet (02 
g Na/kg). The regressed Ovaries in birds receiving 02 g sodium/kg often contained fluid-filled vesicles. AT. atretic follicle; 
l'OF. post-ovulatory lllicle; V. Iluid-lilled vesicle; Y. large yellow yolky follicle; Y-W, yellow-white yolky follicle. 
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in hens fed on deficient diets containing 04 g sodium/kg or more. The decrease 
in the, total weight of yellow-white yólky follicles with increasing sodium deficiency 
(Table 3) was principally due to a decrease in size. In hens fed on diets containing 
03 g sodium/kg or less, it was also due to a decline in numbers. In two of the four 
hens sampled from those fed on 0-2 g sodium/kg (e.g.. Fig. 5c) and in one of the hens 
fed on 03 g sodium/kg diet, there were no yellow-white yolky follicles. About 10% 
of the yellow-white yolky follicles were atre tic in the control hens; the incidence 
of atresia increased to about 30% in hens fed. on 06 g sodium/kg diet and was 
similar for more severe deficiencies. 
The smaller weight of the ovary remaining after removing the yellow and yellow-
white yolky follicles in hens fed on diets containing 05 g sodium/kg or less (Table 3) 
was due to the absence of recent post-ovulatory follicles. There was no progressive 
decrease in the weight of this portion of the ovary in hens fed on diets containing 
less than 05 g sodium/kg (Table 3) although in all cases there appeared to be more 
atresia amongst the many small white yolky follicles than in the control hens. 
Plasma sodium and calcium 
Plasma sodium concentrations were significantly less (P <0-05) in birds 
receiving 0-6, 0-3 and 0-2 g sodium/kg compared with controls. Plasma calcium 
concentrations showed a marked response to dietary sodium content and in all 
groups fed on the low-sodium diets were significantly less (P<0001 to 0-05) than 
in birds fed on control diet. 
DISCUSSION 
These studies show that hens are sensitive to low dietary sodium and that they 
can tolerate a wide range of dietary sodium without suffering lasting adverse effects. 
With dietary sodium contents from 0-6 to 03 g/kg, food consumption and egg 
production of all birds decreased rapidly and then stabilised at rates proportional 
to the sodium content of the diet. Body weight also showed an initial fall but then 
started to increase regularly. Manipulation of dietary sodium may thus be a useful 
way of controlling food intake and.egg production in metabolic experiments. 
The lowest dietary sodium content fed affected the birds most severely: egg 
production virtually ceased and there was a steady decline in food consumption 
and body weight while the diet was fed, Four birds in this group (14%) stopped 
eating and died in an emaciated condition, showing no other obvious cause of death. 
There were no obvious behavioural changes in birds fed on any of the low-
sodium diets. The activity of the birds appeared to be unaltered and there were 
no self-inflicted injuries such as pecked feet. Cases of foot pecking have been 
attributed to diets deficient in sodium (MAFF, 1973), but the observations in the 
present experiments and the earlier findings of Hughes and Whitehead (1974), 
suggest that no adverse behavioural changes are caused by sodium deprivation. 
Plumage remained in good condition. Birds receiving 06 or 05 g sodium/kg 
did not show any obvious feather loss; variable feather loss was associated with 
more severe limitation but was never complete. 
These anatomical observations, on the reproductive organs and those of P. J. 
Sharp (unpublished observation) suggest that, in hens fed on diets containing 
17/6-o 
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between 03 and 04 g sodium/kg, the ovary and oviduct are in a condition similar 
to that observed in point-of-lay pullets. With a sodium content of 02 g/kg diet 
the reproductive organs regressed completely. 
Plasma sodium concentrations were decreased in birds fed on the low-sodium 
diets. However, magnitudes were small (about 5%), as was found by Anderson 
(1968), and show that, even when dietary sodium content is very low, homeostatis 
is largely maintained. Plasma calcium concentration, however, was markedly 
affected by dietary sodium content. The proportional decrease in plasma calcium 
in each group was greater than the decrease in food intake and this suggests that the 
decreased plasma calcium was probably due to a hormonal response to decreased 
egg production. 
When the control diet was reintroduced food intakes during the next week 
were greatly increased and thereafter stabilised at a rate similar to that of the 
control. Body weight also increased and production approached that of the control 
birds. The rate of increase in egg production during this period was similar in all 
groups, demonstrating that even the completely regressed reproductive organs of 
birds which had received 02 g sodium/kg could respond to an increase in dietary 
sodium. 
The results of these studies confirm the suitability of low-sodium diets for 
controlling egg production, as suggested by Whitehead and Shannon (1974). 
On the basis of the present observations and those of Whitehead and Shannon (1974), 
the optimum dietary sodium content for inducing a pause in egg-laying would 
appear to be in the range 03 to 04 g/kg. This range causes a rapid decrease in 
egg production and birds start to regain initial losses in body weight. Recovery of 
egg production is rapid when adequate dietary sodium is reintroduced. Although 
the method works well when applied correctly, the studies also show that there are 
no disastrous consequence if the sodium content is outside the suggested range. If 
the decrease in dietary sodium is insufficient egg production is only partially affected 
but the bird suffers no ill effects and can readily be brought back to full production. 
If sodium is decreased to a very low content (0.2 g/kg is about the lowest that would 
occur practically), egg production virtually ceases, the reproductive organs regress, 
the birds lose weight progressively and mortality starts to occur. However, even 
when such a diet was fed for 16 weeks and there was a 30% decrease in body weight, 
birds could regain weight and resume normal egg production when adequate dietary 
sodium was reintroduced. 
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SYNOPSIS 
When a diet containing only 0038% sodium was fed to two strains of laying 
hens for four weeks they showed no increase in feather pecking, toe pecking, 
pecking activity or general activity, although egg production almost completely 
ceased. This finding is unexpected in view of recent reports to the contrary under 
field conditions. It is postulated that very low sodium intakes may be less deleterious 
than intermediate intakes which permit some laying, and therefore sodium loss, to 
continue. The absence of adverse behavioural effects emphasises the potential 
value of sodium deprivation as a means of halting egg production. 
INTRODUCTION 
Recent 'work (Whitehead and Shannon, ig) has suggested that deprivation 
of sodium may be a useful means of inducing a pause in egg production. Feather 
pecking, however, hasbeen described in fowls fed on diets low in salt (Siren, 1963; 
Hungerford, 1969) and recently (M.A.F.F., 1973) a severe outbreak of foot pecking 
was reported in laying hens when salt was inadvertently omitted from the diet. 
The purpose of the, present work was to establish whether side-effects of this nature 
are likely to occur if diets low in sodium were fed for a limited period. In addition 
to direct scoring of feather damage the general activity of the birds was measured 
since there is evidence (Hughes and Wood-Gush, 1973) that increased activity is 
observed when fowls are suffering from deficiencies of specific nutrients. Such an 
increase could be regarded as an early warning sign of deficiency and might precede 
an outbreak of feather pecking. 
MATERIALS AND METHODS 
A total of 120 hens was used, 6o Thornber 8o8's and 6o Thornber 909's. They 
were about 2 years old and half had been deprived of sodium on an earlier occasion; 
they had been housed previously in single battery cages. All birds were scored 
first (period i) for feather damage according to Hughes and Duncan's (1972) scale 
on which o indicates perfect plumage and 4  represents feather removal with tissue 
damage and haemorrhage; they were then allocated at random into groups of 
three, such that birds of one strain and with similar previous experience of depriva-
tion were kept together. Groups of three were used because, in general, the incidence 
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of feather pecking increases as more birds are kept together. With an intermediate 
group size such as this, under conditions where dietary or environmental factors 
favoured feather pecking, any tendency could be detected without the outbreak 
becoming unduly severe. The groups were housed in cages 61 cm x 46 cm in the 
middle and bottom tiers of a three-tier battery. After i, d for acclimatisation 
feather damage was assessed again (period 2) to see whether grouping per se had 
resulted in any increase in feather pecking; general activity was also assessed by 
counting the number of movements across the width of the cage (traverses) and 
pecking activity was assessed by recording all pecks directed at the environment. 
These measures are described in greater detail by Hughes and Wood-Gush (i'). 
Half the groups, selected at random, were then fed on a low-sodium diet, which 
contained 0-038%  sodium, the remainder were fed on an adequate diet of the 
same composition but supplemented with sodium chloride to provide 023 % sodium. 
These diets are described by Whitehead and Shannon (1974). Egg production per 
cage was recorded throughout the experiment. When the birds had received these 
diets for four weeks feather damage, general activity and pecking activity were 
assessed again (period 3). All birds were then fed on the adequate diet for a further 
four weeks and a final assessment of feather damage was made (period 4). 
RESULTS 
These are summarised in Table I. The large standard errors indicate the 
substantial individual variation. Some pecking damage occurred throughout the 
TABLE I 
Feather pecking, activity and environmental pecking in normal and sodium deprived hens 
Period 
I 2 3 4 
Plumage score (Mean ± SE) 
8o8 Control 068±01 080 ± 01 3 078±014 095±016 
Experimental 0-87±0"0 090 ± 009 055 ± 009 028 ± 0.10 
909 Control O59±010 o67±0I1 052±0II 072±0I2 
Experimental 058±oro 055±008 052±009 048±009 
Environmental pecks (Mean ± SE) 
8o8 Control ... 73±69 105± 58 
Experimental ... 4 6 ±35 12± 07 
909 Control ... I207 I96± 13. 0 
Experimental ... 02±02 33± 3I 
Traverses (Mean ± SE) 
8o8 Control ... '40±097 '30 ± 0 45 
Experimental ... 0 90 ± 0 4I 070±050 
909 Control ... P00±047 070±059 
Experimental ... 0 '50 ± 0-3 1  I 00 ± 0 39 
The control category received a diet with a normal sodium content and the experimental category received 
a low-sodium diet. In period i all birds were in single cages. In period 2 the birds were grouped in 
threes. In period 3  they had been fed on the different diets for four weeks. In period 4 all birds had 
received a diet adequate in sodium for four weeks. Plumage scores are expressed as means per bird, environ-
mental pecks and traverses as means per cage. 
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experiment; it was generally slightly greater in the 8o8's than in the 909'S. Housing 
the hens in groups of three had no significant effect on feather damage. There was 
no increase in feather damage attributable to sodium deprivation, indeed damage 
was less in both strains during period 3,  irrespectiiie of diet, though the decrease was 
small in some cases. A significant decrease in feather damage was associated with 
the resumption of laying (period 4)  in the 8o8's; no such effect was observed with 
the 909's. Activity, as measured by traverses, appeared to be slightly greater in the 
birds to be used as controls than in those to be deprived, prior to the introduction of 
the experimental diets; the 8o8's tended to be more active than the 909's. After the 
deprivation period birds of both strains receiving the adequate diet and the 8o8's 
receiving the low-sodium diet were slightly less active, the deprived 909's appeared 
TABLE 2 
The effect of sodium deprivation on egg production (eggs/d zoo birds) 
Control category Experimental category 
Week 8o8 909 Mean 8o8 909 Mean 
Preceding 
rearrangement 46-8 290 379 407 340 373 
I 400 195 298 343 197 270 
2 471 138 305 400 197 299 
3 524 21 - 0 367 41 .0 256 33.3 
4 510 27'1 39 . 33.3 22'2 278 
5 41 .0 243 32'7 186 21'7 20'1 
6 51'0 290 40 .0 8'6 9.4 9.0 
7 45.7 290 37 .4 3'8 5'4 4'6 
8 48'I 305 39. 3 2'4 G'i 4.3 
9 49.0 262 37'6 133 17'3 5•3 
10 52'3 28'5 40'5 333 30'6 32'0 
II 50.0 348 424 338 38'3 361 
The values preceding rearrangemeIt represent the mean egg production over the four weeks before the birds 
were moved. 
Sodium deprivation took place between weeks 4-7, represented by the horizontal lines. 
slightly more active. All these differences were non-significant. There was no 
consistent or significant effect of deprivation on environment pecking; in the 
control groups of both strains there was an apparent increase during period 3, while 
deprivation appeared to cause an increase in the 909's and a decrease in the 8o8's. 
Weekly totals of eggs produced are shown in Table ; putting birds into groups of 
three resulted in a marked fall in mean egg production, from 43'7  to 372% in the 
8o8's and from 3I5 to 19'6% in the 909's. "Social stress" thus had much more 
effect in the 909'S; this is probably linked with the more marked aggression seen in 
this strain. A recovery in egg production followed and just prior to deprivation the 
corresponding values were 46-7 and 233%. During the period when the experi-
mental diets were fed, production continued to increase in the control birds whereas 
in the deprived birds there was a progressive fall from 333  to 46%; feather pecking, 
activity and environmental pecking were measured when mean egg production had 
fallen to these very low rates. 
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DISCUSSION 
Sodium deprivation, over a period of four weeks, can result in an almost com-
plete cessation of egg production without any concomitant rise in feather pecking, 
environmental pecking or activity; this finding implies that such a procedure may 
be of practical importance for inducing a pause in production. Our results are, 
nevertheless, somewhat at variance with earlier work and with reports of outbreaks 
under field conditions. Hungerford (1969), however, suggested that dietary sodium 
chloride (2%) in excess of requirement should be used to reduce feather pecking; 
this effect may be because drinking time is increased. It is also possible that the 
buccal membranes become dehydrated and that pecking of dry feathers becomes 
less attractive. Siren (1963), although finding reports which linked sodium deficiency 
with feather pecking, was sceptical that there is any causal relationship. 
The age of the birds used in this experiment might possibly be a factor in the 
low incidence of pecking observed; this should not affect the utility of the results 
obtained, however, because techniques of sodium deprivation would normally be 
applied to older hens at the end of a laying cycle. 
The recent outbreaks of foot pecking (M.A.F.F., 1973) occurred in a variety of 
flocks; in a typical case, however, the birds were housed five to a cage, were 26 weeks 
old and had been fed on the deficient diet for four weeks. There was no suggestion 
of an increased incidence of feather pecking, the toe pecking was self-inflicted and 
possibly linked with peripheral neuritis. The deficient diet contained more 
sodium (0.04% to 0 -09%) than in our experiment. These contents are only a little 
below requirement and it is probable that laying would be permitted to continue at 
a lower- rate; thus loss of sodium via the production of albumen would persist. 
Paradoxically, much lower sodium intakes may be safer because egg formation 
ceases and sodium retention is then highly efficient. This situation is analogous to 
that reported by Gilbert (17) who has induced a pause in egg production with low 
intakes of calcium. No cases of foot pecking were observed in our experiment. 
Our finding that general activity was not increased by the low-sodium diet 
adds additional support to the suggestion that the hens were receiving an adequate 
intake of sodium for maintenance; it may be contrasted with findings reported 
for growing birds. When a diet containing 0039 % sodium was fed for three 
weeks to young pullets a significant increase in exploratory pecking activity was 
observed (Hughes, 1970). Similar results have been reported for calcium; growing 
pullets deprived of calcium for six weeks showed highly significant increases in both 
general activity and in environmental pecking (Hughes and Wood-Gush, 1973). 
Such an increase in activity does not necessarily correlate with feather pecking, for 
the plumage of these calcium-deprived birds remained in excellent condition; quite 
plainly, any relationship which may exist between a specific mineral deficiency and 
feather pecking is not a simple one. 
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ABSTRACT 
Hughes, B.O. and Whitehead, C.C., 1979. Behavioural changes associated with the feeding 
of low-sodium diets to laying hens. Appi. Anim. Ethol., 5: 255-266. 
The technique of inducing a pause in egg production with a low-sodium diet is gaining 
a place in laying-flock management, but there have been some reports of adverse effects, 
such as foot pecking. A pilot experiment showed that under some circumstances damaging 
pecking did occur when low-sodium diets were fed, particularly so in combination with 
high calcium levels. Sodium-deprived birds showed an increased tendency to peck at novel 
objects, but did not increase their intake of sodium-supplemented diet when offered a 
choice. 
The problem was then investigated on a larger scale by allocating hens of 2 separately-
caged strains to one of 9 treatments, housed in bright light and in groups of 6 per cage, 
with 3 levels of sodium and 3 of calcium. The increased calcium levels had no effect on 
either cannibalism or feather condition, but cannibalism was seen in birds receiving both 
low (0.003% Na) and intermediate (0.03% Na) levels of sodium, although not in the con-
trols (0.13% Na). The effect was more marked in the medium hybrids than in the light 
hybrids. Feather condition was unaffected by sodium deprivation. It is argued that the 
problem is a husbandry and management one and that, in spite of these adverse effects, 
sodium depletion remains a useful method for inducing a pause in egg production. 
INTRODUCTION 
The feeding of a low-sodium diet to induce a pause in egg production was 
first suggested by Whitehead and Shannon (1974) and is beginning to gain a 
place in the management of laying flocks, particularly to induce a short-term 
reduction in output at times of egg surplus, but also as a means of preparing 
a flock for a second laying cycle (for example: Nesbeth et al., 1975). In an 
earlier study (Hughes and Whitehead, 1974) it was reported that no specific 
behavioural problems appeared to be associated with the use of this technique, 
but recently there have been field reports of toe and foot pecking occurring 
when hens have been fed a low-sodium diet. In the present experiments, laying 
hens were put outof production by feeding diets low in sodium, but contain-
ing various different levels of calcium. The reason for this was an observation 
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that the diets associated with the field outbreaks of foot-pecking contained 
rather higher calcium levels than the diet used by Hughes and Whitehead 
(1974). 
EXPERIMENT 1 
Materials and methods 
Seventy-two commercial hybrid laying hens (36 Babcock B300, 36 Warren 
SSL), which had been housed previously in single cages and were 80 weeks 
old, were housed in groups of six, all of the same strain, in battery cages mea-
suring 0.61 X 0.46 m. After four weeks had elapsed and the birds were fully 
integrated into groups, the condition of each individual's plumage was scored 
on a six-point scale (0 = perfect plumage, 6 = totally defeathered) which is 
shown in detail in Table I. They were then allocated, on a random basis, to 
one of three treatments, which involved being fed different diets. All three 
diets had compositions similar to that described by Whitehead and Sharp 
(1976) and were low in sodium (0.006%), but were supplemented with dif-
ferent amounts of calcium carbonate in the form of ground limestone, giving 
calcium levels of 2.9% (Diet 1), 3.3% (Diet 2), and 3.9% (Diet 3). There was 
thus a total of 24 birds on each diet, comprising two cages of each strain. Egg 
production was recorded daily and behavioural changes were observed fre-
quently and regularly. After 5 weeks on these low-sodium diets the condition 
of the plumage was again scored, and the birds were tested for their response 
to unusual materials and objects: 30 g of fresh droppings was presented for 
10 min to the 12 deprived groups and similarly to 12 control groups consisting 
of 4 birds of the same age and strain. The weight of droppings consumed in 
10 min was recorded. In the second test a golf ball was presented to the same 
birds and the number of pecks directed to it in 10 min was counted. Finally 
they were given a choice between the low-sodium diet and the same diet supple- 
mented with sodium chloride to bring it up to an adequate level (0.15% Na). The 
TABLE I 
Scale of feather damage 
Score 	Description 
0 	Plumage sleek, glossy and complete 
1 Roughened appearance to feathers; one or two small denuded areas 
2 	General minor feather damage, usually with 2-3 moderate-size bare areas, 
and marked damage to tail feathers 
3 	Plumage has ragged appearance, minor feather damage is widespread, and there 
are a few large or many moderate-sized bare areas 
4 	Large bare areas on several parts of body with extensive damage to, or removal 
of, tail feathers 
5 	Widespread bare areas over much of body, with primaries reduced to quills 
6 Bird virtually bare of feathers 
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two diets were contained in food hoppers placed in front of the birds, were 
balanced for position (the sodium diet was placed on the left and on the right 
an equal number of times) and the amount taken from each hopper was deter-
mined by weighing them at intervals varying from 1 to 5 days. This choice 
period lasted for a further 3 weeks. 
Results 
The plumage of these birds was generally in good condition, both before 
and after sodium deprivation. Indeed, the plumage of the Babcocks improved 
significantly by the end of deprivation, the mean scores and standard errors 
being 0.84± 0.12 before and 0.50± 0.09 after deprivation (t = 2.67; d.f. = 32; 
P <0.005). The Warrens' plumage had deteriorated, but not to a significant 
extent. Before deprivation their mean score was 0.99 ± 0.13 and afterwards 
it was 1.23 ± 0.17 (t = 1.92; d.f. = 32; 0.1 ) P> 0.05). 
Egg production is shown in Fig.1. The gradual rise during the initial accli-
matisation period of 4 weeks is probably due to the hens adapting to the new 
environment and group size. The progressive fall during the deprivation period 
of 5 weeks included an increased number of soft-shelled and small eggs. During 
the 5 weeks, 6 birds were found dead, 2 from vent-packing and 4 from foot-
pecking. This was described in the post-mortem reports as "necrosis of the 
feet". In addition they had suffered necrosis of the tips of the comb and 
wattles. These necrotic lesions were believed to be dead tissue produced by 
pecking damage. In a further 5 birds foot pecking was observed as it occurred; 
these birds were removed and returned later. Two of these birds were foot-
pecked again a few days later. The distribution of the dead and injured birds 
between the three diets is shown in Table II. 
ACCLIMATISATION 	 DEPRIVATION 	 SELECTION 
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Fig. 1. Experiment 1: Percentage egg production. 
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TABLE II 
Experiment 1. Deaths and injuries caused by pecking on the different diets 
Cage 	Strain 	Deaths 	Injuries 	Diet 
3 	B 1 	F 3 
4 W 2 	V 3 
6 	B 1 	V 1 
7 W 1:FP 	5: FP 3 
8 	B 1 	F 2 
B = Babcock; W = Warren; FP = Foot pecking; VP = Vent pecking. 
In the tests at the end of the deprivation period, the birds showed great 
interest in fresh droppings. The mean weight of droppings eaten by the de-
prived birds was 24.8 g; indeed, 8 of the 12 groups consumed the entire 30 g, 
sometimes in less than 2 mm. The control groups showed little or no interest 
and none consumed a measurable quantity. More interest was shown towards 
the golf balls, too. The mean number of pecks delivered by each deprived 
bird was 1.18 ± 0.37, while that delivered by the controls was 0.13 ± 0.10. 
This difference is significant (U= 15; n 1 = n 2 = 12;P<0.001) by the Mann-
Whitney test. This interest was reflected on a more adaptive level by the ten-
dency of the deprived group to indulge in egg-eating whenever possible. 
The results of the choice tests are given in Fig. 2 and, in spite of the slight 
upward trend, provide little evidence that the hens were able to increase their 
sodium intake by preferentially consuming the supplemented food. The re-
sults are consistent with the inability 6f any of the groups to select effectively. 
These conclusions were based on a total of 72 birds, which were in only 12 
groups, and because there was often a consistent pattern within a group, it 
was unlikely that observations on individuals were truly independent. Accord-
ingly, replication on a larger scale was necessary. 
EXPERIMENT 2 
Materials and Methods 
The experimental procedures were similar to Experiment 1, but on a much 
larger scale. A total of 306 Babcock B300 and 315 Warren SSL hens from 
different flocks to Experiment 1 were used. They were 90 weeks old, had pre-
viously occupied single cages and were rehoused in groups in cages 0.61 x 
0.46 m. They were fed a standard layers' diet and were allowed three weeks to 
become integrated, after which their plumage condition was scored on the 
same six-point scale as previously. From the start of the 93rd week they were 
assigned on a random basis to one of 9 treatments, each receiving a different 
diet. The diets had similar compositions to those fed in Experiment 1 but the 
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Fig. 2. Experiment 1: Selection of the sodium-supplemented diet over a 3-week period. 
Birds choosing at random would select 50%. 
three different levels of sodium and three of calcium, as shown in Table III. 
These dietary treatments were randomised within blocks of 18 cages, 9 cages 
housing Babcocks and 9 Warrens, in the middle tier of a 3-tier battery. In four 
blocks all cages had six birds, in the fifth all Warren cages had six birds but 
the Babcock cages had five, and in the sixth all cages had five birds. The illu-
mination levels were high by commercial standards (180 lux opposite a bulb 
and 80 lux between bulbs). This bright light made it more likely that any la-
tent pecking tendency would be expressed, but also meant that the birds 
could be observed for abnormal pecking and removed as soon as any pecking 
injuries occurred, after which they were isolated in separate cages. Egg pro-
duction was recorded daily and total food intake was measured weekly, both 
on a cage basis. The experiment ended at 98 weeks when the plumage condi-
tion was again scored. 
Results 
Table III gives the number of birds on each dietary treatment which had 
to be removed from their home cage because of injurious pecking, which has 
been classified in terms of the location at which it occurred. An analysis of 
vanance carried out on the number of injuries showed that pecking injuries 
were significantly (P < 0.001) more frequent in birds receiving the low-sodium 
diets (1-6), but the calcium level of the diet had no effect (P> 0.1). The in-
cidence was much higher in Babcocks, in which toe pecking was again the 
commonest form of damage, the other four categories being almost equal. 
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Sodium 	Calcium 
1 	0.004 3.0 
2 0.003 4.4 
3 	0.004 6.2 
4 0.02 2.9 
5 	0.03 4.3 
6 0.03 7.0 
7 	0.12 2.8 
8 0.13 4.6 
9 	0.13 7.0 
Babcock 
Toe Comb Tail Back 
4 	1 7 3 
7 2 0 2 
2 	1 0 2 
3 3 0 4 
7 	3 2 2 
4 0 5 0 
3 	0 0 0 
0 0 0 0 
3 	3 0 0 
Other 
Warren 
Toe 	Tail Back Other 
3 00 0 2 
2 3 	1 1 1 
1 24 2 4 
3 11 1 3 
3 51 2 1 
1 10 2 1 
0 10 0 0 
1 10 0 1 












Experiment 2. Number and nature of injuries observed and their relationship with the measured dietary sodium and 
calcium concentrations 




33 13 	14 13 
	




In Warrens, toe pecking and other pecking (mainly wing and side) were equal-
ly frequent, while comb-pecking was never seen at all. The effect of sodium 
deprivation on feather condition is shown in Table IV. In eight treatments it 
was not significantly different after the 6-week period; in the ninth treatment 
(Diet 3) an improvement occurred. 
Egg production, shown in Fig.3, was not affected by calcium level. In Ex-
periment 1, egg production was presented on a hen-housed basis. However, 
a number of birds were removed from their groups to prevent further pecking 
damage, so in Experiment 2, hen-day values are given, as this is a clearer guide 
to the direct effect of sodium deficiency upon egg production. In both strains 
it was highly dependent upon dietary sodium level and decreases were accom-
panied by corresponding reductions in food intake (Fig.4). 
DISCUSSION 
The causes of feather pecking and cannibalism are multi-factorial (Hughes 
and Duncan, 1972) and may include nutritional factors (Schaible et al., 1947). 
Two of the manifestations seen here (foot and comb pecking) are unusual in 
normal hens, but it is likely that they too are influenced by several interacting 
factors. It is, then, not entirely unexpected that Hughes and Whitehead (1974) 
failed to demonstrate any evidence of damaging pecking in their earlier ex-
periment when they induced a laying pause by feeding a low-sodium diet. On 
that occasion the hens were of different strains (Thornber 808 and 909), 
kept in groups of a different size (3), with a different area per bird 
(0.0935 m2 ). Other factors likely to vary between experiments would include 
the levels of illumination and noise, and the extent and frequency of distur-
bance initiated by humans or by other birds. The age of the hens and the 
precise dietary formulation should also be considered. In view of the results 
of the present experiment, it is unlikely that high calcium levels in the diet 
are a precipitating factor. 
TABLE IV 
Experiment 2. Plumage condition at beginning and end of deprivation period 
Diet 	Beginning 	End 	d.f. 	t 	P 
0.78 0.76 6 0.10 NS 
0.74 0.68 8 0.47 NS 
0.71 0.39 6 4.07 <0.01 
0.71 0.97 7 1.80 NS 
0.66 0.73 4 0.45 NS 
0.61 0.70 6 0.67 NS 
0.71 0.81 10 2.03 NS 
0.70 0.81 - 	 9 1.62 NS 
0.70 0.72 7 0.21 NS 
The values shown are means per bird derived from the pooled cage scores. Only those 
cages with either 5 or 6 birds remaining at the end have been included (0 = perfect plumage; 
6 = totally defeathered). 
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Fig. 3. Experiment 2: Percentage egg production expressed in terms of sodium level for 
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Fig. 4. Experiment 2: Daily food intake (g per bird) expressed in terms of sodium level for 
each of the 2 strains. 
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When the causal factors show this high degree of complexity it explains 
why, under field conditions, a small proportion of flocks has shown evidence 
of damaging pecking when a laying-pause has been induced. On occasion, a 
number of adverse factors all operate in the same direction and thus aggravate 
the increased pecking tendency which has been engendered by sodium de-
pletion. In the present experiments a similar situation was achieved by intent 
and the incidence of behavioural problems was high. Pecking damage was ob-
served in both strains but its incidence was appreciably lower in the Warrens: 
after 6 weeks 33% of Babcocks had been removed but only 13% of Warrens. 
Thus, the importance of strain differences is emphasised and the genetic make-
up of the stock may well be a variable which should be taken into account 
when deciding which method to use when a flock is to be paused. Too much 
reliance should not be placed on the present findings alone, however,in con-
cluding that Warrens are better suited than Babcocks to the low-sodium tech-
nique, because different batches of the same strain can show great variability 
in their susceptibility to pecking damage. 
The behavioural changes induced by sodium deprivation were essentially 
of a single type: an increased awareness of the environment, in its broadest 
sense, which showed itself as an increased tendency to peck. This pecking 
had certain specific features - when other birds were involved it was directed-
towards their feet, combs, backs and tails. Foot pecking in adult hens is nor-
mally a most unusual behaviour. The pattern observed here differed from the 
field outbreak mentioned by Hughes and Whitehead (1974), in - which the 
foot-pecking was reported to be self-inflicted. However, it might be that birds 
were seen pecking at their own feet in response to damage initiated by other 
birds. The type of comb damage observed was also unusual. Whereas in aggres-
sive head pecking the comb is pockmarked with small lesions on its flat sur-
face, in these cases the tips of the comb spikes were involved, and in the severe 
cases became necrotic and were sloughed off. 
It is probable that the pecking is governed mainly by nutritional factors, 
but one must also consider endocrinological ones, since the hormonal balance 
of the bird has also been shown to influence pecking, in particular exogenous 
oestrogen and progesterone (Wheeler and Hoffman, 1948; Hughes, 1973). In 
this case, however, endocrine factors are unlikely to be implicated, for three 
reasons. Firstly, the type of pecking seen when oestrogens are administered, 
or when birds first come into lay, is vent-pecking, of which there were very 
few examples seen. Secondly, when a production pause is induced by nutri-
tional means, the ovary maintains a relatively normal steroid production 
(Gilbert and Blair, 1975). Thirdly, even if hormones did fall as the hens went 
out of lay, one would not expect pecking to increase at this time but instead, 
by analogy with pullets coming into lay, when a normal diet was restored and 
egg production returned to normal. 
The increased pecking directed in Experiment 1 towards the novel or bizarre 
objects, namely the droppings and golf balls, suggest that the effect of the 
sodium deprivation was to increase the general pecking tendency, as first re- 
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ported by Hughes (1970). The feathers of other birds, however, which are 
normally a target for pecking, were in as good condition in both experiments 
at the end of the deprivation period as at the beginning. The simplest explana-
tion of this anomaly is that the feathers were pecked at first, but that the 
pecking fell back to "normal" levels when the birds received no positive post-
mgestional feedback, that is, failed to increase their sodium intake. The dam-
aging pecking, which drew blood, may have been rewarding in itself, 
This pecking tendency is, of course, adaptive when the bird is being de-
prived of an essential nutrient, for it increases its chances of locating a source. 
Once a source has been located, feeding should become concentrated at that 
location and the intake of the nutrient should steadily increase. In the case of 
sodium deprivation, the results of Experiment 1 suggest that the two stages 
of the mechanism seem to have uncoupled, for the search phase was present, 
but the birds were unable either to locate the source or to select it effective- 
ly even if they did locate it. These findings agree with Hughes and Wood-Gush's 
(1971) report that growing chickens deprived of sodium showed no specific 
appetite for the element, whether presented in the food or in the water. How-
ever, Shannon et al. (1978) have found sodium-deprived hens to show a very 
weak (but statistically significant) tendency to select a sodium-supplemented 
diet. This weak or absent ability to select sodium by growing chickens and 
laying hens is an enigma, for there is no doubt that the fowl can taste sodium 
ions, in view of its rejection of saline solutions and preference for water 
(Hughes and Wood-Gush, 1971), the fact that nerve fibres signal the presence 
of sodium chloride when a solution is placed on the tongue (Kitchell et al, 
1959; Halpern, 1962; Kadono et al., 1966) and the effect that it has on the 
electroencephalogram (Gentle, 1972). 
There was no suggestion that deprivation of sodium led to a general moult, 
of the kind induced by limited illumination and by restriction of food and 
water. A small proportion of birds was seen to be losing large numbers of 
feathers, but these were probably "normal" moults occurring naturally be-
cause of the advanced age of the birds. Both Nesbeth et al. (1976) and Begin 
and Johnson (1976) reported that most birds fed a low-sodium diet showed 
no evidence of a general moult. There is, however, one report of a severe moult 
occurring after 28 days of sodium depletion (Dilworth and Day, 1976). 
Much of the evidence collected by other workers suggests that the sodium-
depletion method is at least as good as the force-moulting method in terms of 
post-pause production and may even be superior (Nesbeth et al., 1976). Begin 
and Johnson (1976) reported that post-pause mortality was no higher than 
that of controls, although there was a transient increase during the depletion 
period. However, such published findings relate to individually-caged birds, 
and under commercial conditions great care must be paid to husbandry when 
the method is applied to multi-bird groups. 
An ethical problem arises also. It has not yet been established how much 
suffering is involved when an animal is deprived of an essential nutrient but it 
may be substantial if the period is a long one. It is probable, however, that 
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suffering is less in the case of sodium than in the case of calcium, for example, 
for three reasons. Firstly, the very weak selection response suggests that there 
is not very much positive post- ingestional feedback, implying that the adverse 
effects which are being reversed are not severe. Secondly, the birds do not 
lose body weight (Whitehead and Sharp, 1976) as they do under most nutri-
tional stresses. Thirdly, there is evidence that once they are out of egg produc-
tion they go back into sodium homeostasis. 
In our experiments, the incidence of pecking damage was heightened by 
the conditions under which the birds were housed, thus nullifying the welfare 
advantages normally associated with the sodium-depletion method. In order 
to minimise adverse effects under commercial conditions, it is desirable that 
the hens should be housed in small groups, consisting of 4 birds at most, under 
low levels of illumination. The strain of bird is also clearly an important vari-
able. The same arguments should apply to the force-moulting method with 
even greater force, since the birds will be competing for a limited amount of 
food, unequal distribution due to the dominance hierarchy may be a serious 
problem, and the hungry birds may show an extreme tendency to peck. 
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